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ABSTRACT

The results of an extensive experirnental program On

the stabi:ity of cylindricaland conical shells under various

loading conditions are presentzd and discussed. L~oading

conditions for both cylinders and cones include axial romn-

pression, axias compressionwith internal or external pros-

sure, banding with and without internal pressure, axial

comprassion combineddwith both bonding and internal pres-

sure, and a limited amount of data on torsion of conical

shells. Whewr feasible, values suitable for design are

recomrendedand areas needing additional theoretical and

experimental study are indicated.
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1. INrRODUCTION

Although many theoretical and experimental investigations have been

carried out cn the buckling of cylindrical and conical shells, understanding

of the phenomena is far from complete. Results which differ between

invemo[gators, insufficient nurrbors of specimens to obtain a measure of

the validity of the experimental data, and limitations in the ranges of the

parameters studied have in many instances led to inconclusive results.

Over the past two years the Engineering Mechanics Department of the

Space Technology Laboratories has engaged in a program to obtain a com-

prehensive set of experimental da.a under carefully controlled conditions

and has attempted to correlate theiqe data with existing theory L1d experi-

mental results of othei investigators. The prograý., has aldo included

combined loadings and specimen configurations not previously investigated.

A. wide range oL cylindrical and conical parameters were considered, and

axia' compression, internal and external rt.ssuret. bending, torsion,

and a numrber of combined load conditions A - 9 studied.

Tia, final report under Ccntract AF 04(647)-619 is intended to be self-

contairid. Data presented in semiannual reportq have been revis•d in the

light ..)f more recent information and supplemented with material either

omitted previously or newly obtained.

It is .. oped that the results of this study. rma.yi of which were

unexpected, will stimulate the interest rf other& to rngage ia the many

theoretic-41 largs-deflection analyses needed to explain the various pheno-

mcna and in the additir-,ai experimental work needed to complement and

ex.end the ranje of paramete-s considered.

.1
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II. NOMENCLATURPE

C, a.cr Axial compression load coefficient

P z for conet or - for cylinders"(2 YrEt zcoon a 2WEt

C Axial compression buckling coefficient suggested
by Kanemitsu and Nojima, including length effect.

Cb Bending moment coefficient

( -z cos-M for cones or - for cylinders
z )-

(wER It Cos a TERt

D Flexural stiffness of shell wall (El 3  -

E Young' s modulus of shell wall material

L Axial length of cylinder or cone

Slant length of cone

M Critical bending moment

n Number of circumferential waves in -we buckled
unier external pressure

Number vf circumferential waves in equivalent
cy!Lnder buckled under external pressure

P, Ptotal Total mcial irAd at buckling

Ps Not axial compression load for pressurizedc y lin d e r s

(Pto•"vPZ

* min Minimum net axial compreassio load in buckled state

P 0  Critical axial copression load

p Uniform Internal or extermal kydroetatic vr,%saurot

S
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* NOMENCLATURE (Contlnue& _

Internal pressure parameter

-( ) or cones orI•r for cylinders]

Pcr' Po Critica! external pressure

p Internal pressure paramete- Y11-v )

PO Critical external pressure for equivalent cylinder

R Cylinder radius

Rl Radius of small end of cone

Rz Radius of large end of cove

T Critical torsion moment

t Shell wall thickness

SLZ
Z Cylinder curvature paramrer i -)7T -

Semivertex angle o cone

Critical load shortenin para-eter - c )

6/* Ratio of compressive strain and cla•eic&! biciding
Cl strain

Pcissorl'o ratio Cd wall mater•al

"Mae1, of carv~alm at sMaul end 41 as*e

,4
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.av Average radius of curvature of cone( 2 coo

P Radius of curvature of equivllent cylinder fox torsion

Critical average compressive stress(r)

"Cb 'cb Maximum compressive stress due to b Mgndin

" cl q Theoretical compressive bucklift stress (v, )

Fprop t Stress coefficient at proportional limit of material
pro limitlmi

Maximum critical bending stress

for cylinders or for coneswi R!I t coo a s
m.i Minimum axial compressive ste*$ in buckled state

0min Minimum "u~l compressive stress coel(reai(nt 1)

T Critic -. torsi*o stress at small oad of cone .max VZWR1 tJ

al, c r c4al and sboatminig at buchliNg

Colas $0sA~fty paraLmeter cot**... a

7,fm

OF . 4. -

c4'
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iii. PROPERrTIES OF MYLAR

Most of the cylinders and conical she11s used in the experimental

program were constructed of Type A Dupont Mylar Polyester Fila..

Mylar in made by a random calendering process and, according to the

manufacturer, has very nearly isotropic mechanical properties. The

material has been found to have a proportional limit of about 6000 psi, a

yield stress of about 11, 000 psi, und a Young's Modulus in the neighbor-

hood of 700, 000 psi. What makes Mylar so attractive for investigations

of this kind is the large amount of strain that it can withstand without

(-.-.cessive permanent set, which permits specimens to be reused many

times. For instance, the yield strain for Mylar is on the order of 1. 5

percent as compared -. values of 0.7 percent or !oss for ;nost of the struc-

tural metals. Res.stance to the use of plastic models in experimental

investlgationis of shell stability problems has been expressed in the past,

but the use of Mylar for these programs %ppears to be increasing. Com-

parison of the present results for Mylar apecimens with thoee for speci-

menv of streel, aluminum, and brass should be convincing proof that

Mylar has its place in the list of materials for shell investiaou,.

Equaliv true is the fact that Mylar has its rnmltatibno In that it is too

elastic to give applicable results for , -,es e .,hich t'ia str~s-ot-te prior

to buckling is plastic for metal specimens or in Investigations of post-

buckling phenomena which would induce plastic effects in metal specimess.

but thOe, the results for any material should be used with caution inr

these cases since they are undoubtedly applicable only to that particular

material.

A. Thickness Variation

Ar inv-atigatLon waa nada early in the course of the programn

to determine the variation of Mylar sheet (rem nominal thickness. Btrium

were cut from (-.ls of differmt thickness ad numeersre, at abott 10 plaees

in each strip. T'.e normal variatiem ad thicknese was foamd to fall well

within the limiirm stated by the mamufacturer a sehows V4 Table 1.
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3 Table 1. Normal Variation of Mylar Thickness.

I-- Avr-•I

Nominal Average
Gage Thickness Variation Thickaess
(mils) (inch) (inch)

2 0.0017 - 0.0023 0.0020

3 0.0026 - 0.0034 0.0030

5 0.0043 - 0.0057 0.0050

7.5 0.0069 - 0.0085 0.0075

10 0.0089 - 0.0112 0.0101

B. Modulus ofElasticit

The modulus of elasticity o( Mylar appears to vary about *9

percent about a mean value of 735. 000 psi for all thicknesses.

The modulus has been found to vary from roll to roll of ostensibly

identical material and from location to location in any particular roll.

The approximate variation found for the different material gages used

is listeou in Table 2.

Table 2. Variation of Young's Modulus.

SRang of Youpt's Utud~lta
(mile) (kai)

2 730 - 760

3 760 - 810

5 720 - 750

7.5 760 -520

I 10 tO - 7U0

,5
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investigatior. has ahown that the Younjl'e nodulux in relatively

indepenrdcnt of aging or working of the material, einct both n1-wly -acal-ed

matorial and materia! which had been tested and stored for three month

yielded rosults within the normal range of scatter. Similarly, the moduli

of material cut parallel and perpendicular to the rolling directicn fell

within the same scatterbaud. Tests also indicate that the mlcdus is

insensitive to normal variation@ of strair rate.

It was decided, as the program progressed, that it would be beat

to meassure the modulus of elasticity of each specimen. Standard tensile

specimens, 6 Inches in length and 1/2 inch in width, were cut from tbh

touted cones and cylinders and clamped in a Riehlo testing mac-ke.e A

spring loaded 2 Inch gage lenzth extensometer was then -1.2-.ped to the

Mylar specimen. A continuous load-deflection output - fas rea"l on. tho

Riehle X-Y plotter. The results of these tests g" given with the *.aLAated

experimental data. A typical load-strain r ;.sve is shown In Fi*ur As

C. Poisson's Latin

It ji difficult to ob'-..i Voisson's ratio for Mylar, sirwe strain

gages do not bond ree.-1, to the material wWd sOLch the. stinass -of tB

material relative , the strain gage mr.kes the zesulta of dubious valiH..t;. 7

Some v - = made using strain gages indicated'a value of r-.- 4 r 0'
of appr,-r..ately 0.3. A

/

Another method yielded similar reigult-t. Sinall r.tlov- drd

Mylar plates :aeasuriig 0. 9 by 1.8 inches were vibrattC o ibtp rUsonast

frequencies. A frequency generator and a.mplifier \vv conne;

shaker using an electronic counter to give accurat ,reqoen.;.

men'u. A scusitive microphone placed above I'" -4M',lýr ' " •

the fre•uency accurately (s• Tigure . lor t0 . tot Ne5tp). .

connintud of v&Vying the Irc;-ency bnu 'J.~ak~m v.-, ý3 01 Z

third resonnt frequemaies 4,.. Fiue, £ and 4) were pickc4 .

micropbotic and r. Teamr'Atutie of vibrsiton co~ld3 be Y
egm&ll, thereby rdu,;Lig the ftwig,,ig effect oi the sroW4.
eiquation kr determuaing E/(i V) As given in Reference %r,

Best Available Copy
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whore

f - .•, rd resonant frequency

P - , -.aie density

ke.ngth of cantilever plate

t thickness of cantilever platr

k 3. 472 (firat mode)

.ZI. 51 (third mode)

The a-.e iti j value of E/(1 - v ), obtaine j fro'r. te k:. •. all thicknesses icknesses
of a ac,:i, was 805, 000 psi. U ,g an avo,-, value of

E = 735-. C.IA * as determined frr ,, static test,- 'olsson's ratio of i1o of

Mylar ca -hon be computed ar

v•0.3 3 (Z) • (Z)

This veLt '. :o. ssor:- a ratio for Mylar sheet was used for all calculatonsal

in this c7.:

Best ia~ CoP']
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Figlure Z. Test Setup for Vlbration Toet oi Mylar

Figure 3. ert M6. of yw irs Fiore 4. 7%"r4 hAWs • r T• Wta

Sm

a/

A'/
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IV. SPECIMEN PREPARATION AND TEST EQUIPMENT

Fabrication and testing techniques and the testing equipment varied

as experience was gained. The principal fabrication procedures and

equipment used are outlined in the following sections. Topics of interest

in the testing procedure are discussed in the sections devoted to the sepa-

rate load conditions.

A. Fabrication Technique

Specimens were made by cutting accurately developed cones

and cylinders from the Mylar sheet, allowing I/2 inch on the top and a

ininimum of 3/4 inch on the bottom for clamping and 3/4-inch overlap

(I-1/4 inch for unpressty'iized cones and cylinders in axial compression)

for the longitudinal seam. All the cones were made with the same base

radius to reduce the number of base clamping fixtures needed. The

developed cone was then wrapped firmly about a conical wooden mandrel.

A lap joint fastened with double--backed adhesive cellophane tape was used

for tV.- ý;ngvtudinal seam, ror tests invlving'inte:rnal pressure, the

bcad.ng .natcrial w-v.e chonged 'c Fc-obond, an epoxy cement, after experi-

mentatwin with various bondini agents. This was used for cylinderw and

cone i '4tig a wall thickness of 0. O05 inch or greater, which required

th' u. ! -,-aer values of internal pressure than could' be withstood-by

the cellopl-aare ta-c- ".4thcut excessive creep. Although the thin Mylar

4 .:ict *z quite flexible, the use of carefully laid out patterns and conical

assemble mandrels made it possible to obtain specimens that were dimen-

sionally accurate and relatilely free of initial wrinkles or bulges. The

specimens were stored on the mandrels while waiting to be tested (see

Figure 5). Steel specimens, saarn weided and spun. were obtained from

an outside sourze. •

B. Prepazation for Testing

For the unpressulized axial compression or external pressure

tests, plastic clamps were used tc hold the cylinder mnd c=z epectimens.

The clamping fixture for the cylinders was a cylindrical plug, or .lad

Best Av 1ablo Copy
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plate, that fitted snue1 into the ends of the :-ylinder. The portion of the

plug that extended into the cylirder was one-half inch long. To ersure

that the ends of the cylinder bore oiniformly against the shoulder, the ends

were lapped on emery cloth, squared accurately, and fit checked when the

specimen was assembled. The outer cylinder clamp shown in Figure 6

was discarded after it wAs found that its uso induced end wrinkling which

led to premature failure of the specimens. The test results were not

significantly different from those obtained from more rigidly clamped

specimens.

The inner and cuter nlampo for the conical specimens are also

shown in Figure'6. Matching faces -)f these clamps were accnirately

machined to provide unifcrm clamping around the ýti'ges of the cone. A

clamped specimen is shown in Figure 7(a).

In later tests, primarily those involving hiie.rnal pressure

zr.n/or bending, the pl•a-ci clamping fixtures *ere replaced by machined

metal and plates ý_cntaining a circular trough. The end of each specimen

was placed in this trough which was then filled with molten Cerrobend, a

low melting point alloy. After the Cerrobend had hardened, the specimen

was turned over and the cther end cast into the corresponding end plate.

The ends of the specimens were prevented frorh pulling nut , the end

plates at high pressures or in bending by the use of punched holes and

staples around the specimen circunmference. In still later tests the Cerro-

bend was replaced by Cerrolow, an alloy with different ther-al expansion

characteristics. A specimen cast into metal en. plates is shown in

Figure 7(b).

A procedure similar to that described above was used in pre-

paring the steel specimens for testing. In this case a stronger casting

alloy, Cerromatrix, was used.

The Mylar cones and some of the cylinders test-d under axial

compression and internal or external pressure were loaded in the test

Best Available Copy
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fixture shown in Figure 7(a). (See Section VI ,,r test setup for pressur,7-d

cylinders in axial compression. ) The specimen was loaded in axial com-

pression by tightening the loading screw, which transmitted the load through

a ball joint into the load cell and thence into the specimen through a spherical

ball placed on top of the clamping fixture. Internal pressure was provided

by compressed air, while external pressure was obtained by evacuating

the interior of the cylinders and cones by means of a vacuum pump. For

steel cones and cylinders a Baldwin Universal Testing Machine was sub-

stituted. -

Mylar conew tested in bending were loaded In the test fixture

shown in Figure 8. Equal and opposite loads were applied through load

cehli at the ends of the loading beam attached to the upper plate. The

weight of both the loading beam and the end plate were counterbalanced.

A cable attached to the top plate passing through the specimen was used

to apply axial compression. A similar, but stUler, test setup was used

for st-,el concs and cylinders.

The samw typ4 of test fixture used for '..su bending tests was

used, •er the steel specimen torsion tests. The <;:,Iy change m•n.e was to

rotate the loading point 90 degrees, so that toislon could be applied

instead of bencling r•oMeDt. The test setup for steel cones and cyiinders

is shown in Figure 9.

D. Instrumentation

All axial loads were determined by Statham unbonded straLu-

gage Isia r ovlle. Five load cells -yore used for the tests: these covered

the load ranges of 0 to 10 pounds, 0 to 25 pootae, 0 to 150 pounds, 0 t'

300 pounds,. and 0 to ;000 pounds. ihe load cell reading is areurate to

within 0. 1 percent cf full scale reading. internal pressure neasurements

were determLned by Stat.uar s:rain gage pressuire transducers and nmaom-

etors. Four pressure transdacers were used for the tests; those covered

the raneas of 0 to I pat, 0 to 5 psl, 0 to 10 pets, ad 0 to 10 psL The

pressure transdurer is at. rate to within 0. 1 percent of !-I1) Kcale reading.
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The outpuli of the Statham cells was read either on a Baldwir SR-4 type

W. strAin indicator or on a Mosely X-Y plotter Model S-2". The X-Y protter

was used when load-deflection curves were dei-red, Deflection measure-

ments were obtained by means of a Collins integrated differential trans-

fbrmer. The instrument has a *1 inch stroke with an accuracy of

I percent for full scale deflection.

The small critical exsternal pressure for the Mylar specimens

was measured on an alcohol-kerosene manometer shown in Figure 10.

The alcohol and kerosen,: do not mix and can be made to have the same

density by add-ing water to the. alcohol. Food coloring was also added to

the alcohol to provide a sharp dividing linse betwean the two fluids. The

pressure multiplicatinn factor obtained with the use of this manometer is

proportional to'the ratio of the area of the tank and that of the manometer

tube, but was obtained more accuiately by calibrating the 50-inch full

scale movement of the menis cun against the reading of a water manometer.

For sto•i conta and cylinders, a water manometer was used. since the

pressures involved were on the order of 40 times those for the Mylar

spec,:nens.

W
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Figure 5. Mylar Cause Storied onMaadls
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(a) Comical Speciman Hold by Plastic Clam#"ig Fistar.

4b) Comical 4ec&sa C-6 W IMOW~ Qla~pto Flutaee

71gure 7. Madthod of C~mpinpi
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V. CYLINDERS AND TRUNCATED CONES UNDER AXIAL

COMPRESSION

The stability of cylinders under axial compression is a problem that

has been studied both theoretically and experimentally by many investiga-

tors. Intense interest was initially generated by serious disagree"vnt

between experimentdl data and the results predicted by small deflection

theories of buckling, a disagreement not encountered previously with

regard to columns and plates. Theoretical investigations of the post-

buckling behavior of cylindrical shells (References 2, 3, and 4) revealed

that the problem differed from the buckling of columns and plates in that

neighboring equilibrium states were unstable, i.e.. deformations could

occur with a decreane in applied load. It was also found that the load

carrying capacity of cylinders was extremely sensitive to initial imper-

fections of the order of a fraction of the wall thickness, which fact has

since found acceptance as an explanation of the discrepancy between theory
and exptriment. More recently, additional factors., such a,, nonuniformity

of loadinR around the shell circumference (Reference 5), and nuclei of

pl.&stic utrain (Reference 6), 1, ve been suggested to explain the large

amount of scatter in test results. The original purpose oi the test pro-

gram was to investigate the load carrying capacity of conical shells alone.

Since the scatter 3f the axial compression results of ot2!er Investigations

was so large for cylinders, however, it was decided that a pilot program

of cylinder tests would be necessary to yield comparable data as a check

on the cone results anJ, as a basis for obtaining a design criterion for

conical shells postulated on the existence of an equivalent cylinder. The

cylinder investigation soon outgrew the pilot program stags, however, as

many factors not mentioned before in the literature intruded and demanded

study. The notresulta of these studieq which attempt to bring smne order

to the study of cylindrical shells in compression, also manage to

inject more unknowv' f•ctors into the problem.

ror a much nbre comp•eheasive survey see the review paper "Instability
of Thin Elastic Skells. " by Y. C. ung and E. & Sachklr in $wrttMoehw~c (Porgarrmon Presto, 1960)."
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The controversy surrounding the design of cylindrical shells has not

yet been fully extend-d to cnnical shells, since serious study of *hese

structures began only a few years ago. In the presernt report, the results

of the axial compression test program uarried out for conical shells of

various geometries are given and recommendations made for their design.

It is obvious that, as the number of conical shell tests grows, the contro-

versial aspects of design may exceed those associated with cylinders, if

only because the conical shape permits another degree of ireedom to the

variables to bo considered.

A. Test Technique

The Mylar coaes and cylinders were assembled in the clamping

fixtures with the bottom clainp resting on the base of the loading device.

A circular plate with a hole in its center was then centrally placed on the

cone with a oteel ball resting in the hole. The load cell attached to the

loadin• screw was then placed on top of the steel ball and the cone shifted

until the load cell was vertical. The assembled specimen was then loaded

ir. axiiL compression by turning the load screw at a relatively cimestant rave.

The load was increased until failure occurred. Failure .3f the specimen

was usually quite sudden, with diamond shape buckles snapping into

position.

On some tests a anrall dimple appeared next to the seam and

grew as the load was increased until the cone collapsed at a very low load.

The ad--lition of scotch tape to the seam or an increase in the "am width

eliminated this type oi failure and consequently increased the buckling

load. After each failure the buckle dimensions, buckling load, and the

extent of the buckles around th-e circumference of the cone were recorded.

The Mylar ajs.imsrs have the elility i-' recover completely after being

buckled, presumably because the con* remae's elastic in the post-buckling

state. Therefore it was possible to ptrform seve-al tests on one come.

The first axial compression test am eve -y cone was done with

the steel ball and loadLng plate certrally located. At buckling, the locatie=n
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of the first buckle, was recorded. Ir the secoT.d compression test of the

cone. the loading plate and steel ball was moved, or a line with the center

of the cone, awavfro-n where the fPrat buckle appeared, This procedure

was continued until a maximum compressive load was obtained. It was

felt that this procedure eliminated most ot the effects of eccentricity of

loading,

Steel specimens werp fixed in the Cerromatrix upper and lower

clamps and then placed in the Baldwin Universal Testing Machine. A

swivel top plate was placed in the Baldwin Test machine so the top clamp-

ing plate and the loading plate could align themselves. A compressive

load was tler, exerted or, the specyimen until buckling occurred. Failure

was usually quite sudden. -'Adia nG.d.-d shape buckles snapping into posi-

uior. Premature dimpling due to imperfect seams was eliminated by the

addition of a l-1 !/2-ich shim strap attached with an '.poxy cement along

the seam After failire, the buckling load and buckle sizes were

recorded, When the load was released, the buckles disappeared from

the steep '.pecimens with large R.it values. These specimens were

examined closely and ro evidence of plastic deformation was noticed,

Wher. the specimens were re-tested, however, the second buckling load

was always much lower than the first. A qualitative explan.-tion of this

phenomena is given in Reference 6. During the initial compression test

on the shell, failure occurred at some stress level and was initiated at

that stress level by--so-e--nitial imperfection of the shell. The failurv

took the form of a diamond shaped btckle pattern around the circumfer-

ence of the shell, The shol- supported a load after failure, and thic load

was carr.red in the crests of the buckles with the points of highest stress

occurring at the junction of adjacent buckles, At these points the stress

was above the yield stress, and microscopic plastic deformations

occtir red. -Evidently these microscopic plastic deformations have a greater

effect than the initial, imperfections that were built into the shell since, in

the next test, failure was initiated at these points of highcet streis

concentration at a lower stress level, with the points of maximum dagil:c-

tion of the new diamond pattern at the same location as the node: pi-nt. of

the first.

Best Available Copy
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Figure 11 shrws the buckle patttr. cf the second test for a Mylar

cone. The dots at the center of the diamonds mark the location of previous

node points. The new node points are marked with an "X." It can be seen

that the node points of the first test coincide with the centers of the new set

of buckles. This behavior occurs in metal specimens as well am Mylar

specimens. For Mylar, however, the degree of plastic deformation is

less than for metals and the buckiing load is not affected.

B. Results for Cylinders

The experimental data obtained during the course of the present

program are listed in pari (a) of Table 3 and in Table 4. Theie data have

been collected from the results for axial compression alone And from the

endpoints obtained in the investigations of axial compression combined

with internal pressure, external pressure, or bending. They are therefore

associated with a multiplicity of loading devices, end fixtu-ea, and testing

techniques. The results are plotted in Figure 12 (the circles) in the form

of values of the buckling coefficient P/ZwEt or C as a function of radius-

thickne!q i atio R/t. The buckling coefficient is another form, suitable

primar;iy for conical shells, of the more usual 'rc.'/E t/r which is Uased

on theoretical considerations (see Reference 7). The length-radius ratio

L/R in most of the teats was either 1 or 4. There is inslJfi.ent differ-

ence between the test results for each ^alue of L/R to warrant separate

plots.

The results indicate a trernd similar to that obtalnodby other investi-

gators, in that the buckling coefficient appears to vary with radius-thickness

ratio. A study of the data in the literaturs(Referenaces toZ3} indicated

most of the experimenta. results fell w!thiner M-el the -C-tt.-b..d .btalmed

in the present -ýrograrn and, hence, that a dlscrJi natin chelce of data

might permit some conclusions tt. be drawn for design purposes. The .lo•ce

ofdata was guided by several considerations. First oa tboe was the coaclu-

*ion that the effect of lengtk could not be readily discerwod if the length- ra4lw.,

ratio was within the range from 0.5 to approxirmately 5, for ',hick mi.. , the

data applies. A lengtb effect exists for cylidere with values of L/R lese than

0.5, but there is inaufficiont data to finally eatablish d4eign values. FCT '&lues

of L/R greater than 5 the few data poitts available laiicate that there

______ - ~ -EMNON
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miht be a length effect, but again there is inseifficient data to establish
any irends. Investigations yielding buckling coefficients consistently lower

than the present results were omitted entirely, on the premise that fabri-

cation methods and testing technique were significantly inferior. Those

test results in which the critical stress was greater than about 70 percent

of the yield stress were likewise omitted. The resulting data are also

plotced in Figure 12.

The entire group of data is reasonaby consistent, despite the

large amount of scatter. The relation suggested by Kanemitsu and Nojima

for long cylinders 4 0.6

can be seen to be a god lower bound to the data for the range R/t greater

than SO0. For lower values of R/t the equation becomes increasingly

unconservative. An alternate relation that appears to give a good lower

bound over the entire ranqe of R/t tested is al.o shown and ts represented

by the uctiation

Ca0. 606- 3.546 Q 7J t, (4)

A representation of this form is later shown to yield a good lower bound
to the Utta obtained for bending as well.

Tuhe data obtained thus far indicates that the radilu-thicknese

ratio is i. significant parameter indicative of the trend of the rosulta. "ao

scatter associated with any pLrticular vale of radius-thickness ratio shows.

howt, vor, that the radius-thirkness ratio representation dishegss i~luor-

tart factors. It has beer suggestod tht the scatter can be explaiaed by

assuz~ng difierent magnitudss of Ittial imperfecition for various spect-

meoAs. This eastplanatiam serves for the svazt&r obtained in the present

program for ostenoibly identical specLaren made by a single in It -. dual
and tosted under similar conditions, smice the iuaitLal imnperfectioln would
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4 *; expected to occur with some statistical diaLiibution. However, obser-

vationn1 made in the course of testing indicate thrt the statistical sa-nple

can be biased.

It was observed, for instance, that many of the lower points of

the scatterband are associated with earlier phases of the test program

and that test resuits obtained tt a considerably later date would yield a

higher .mean level. Thus ihe eý:perience and competence of the fabricator

&nd experimentalist should be taken into consideration. Another factor

which evidently influencer the results is the wall stiffness ur size of the

specimen, in that specimens attempted with Mylar -cof 0.001 ich and

0.002 inch were exceedingly hard to hanJle without introducing wrinkles.

Additional factors were ,o.served as well. In many ut the tests of the

present piAram, the potting material used was the low melting point

alloy, Cerrobend, in others, Gerrolow was uvei. The main difference

betweern these alloys is their thermal expansion characteristics. Cerro-

bend expa.ads while cooling, whereas Cerrolow contracts a much smaller

amount -,whl coolLig. It was tound that those tests conducted with Cerro-

low gave results that were consistently higher than those obtained w'ith

Cerrobend (see also Section VI). One would assume, then, that the bulg-

ing of the ends of the cylinder walls is an important paramste" Finally

it was also observed, bo~h in the prdsent tests and from a study of the

data in the literature, that results obtained when the nominal stress level

was on the order of 70 percent of he yield stress or greatex yield, ý -ý.

sistently io%. buckling coefficients. This effect can also be traced to end

conditions, since it can be sho\in that yielding of the restrained ends due

to bending would start at about tnis level. (Sos Section V1 fUr additional

discusbioi,.) With all of thee factors ir.fluencing the results, it is

interesting to note, hovvver. that the lower bouawd oa the vari(,us test

results is reasonably consistent, indicatV4 *at there is a practical lower

limit to the combined effects of all of the parameteri L-iflutncing the r,. -- At.

I
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There remain several areas of importance to the designer that are

yet to be explored in great detail. The effect of length given by the

Kanomitsu-Nojima formula

0.6 0.3

+ 9 0.164.) (5)

is based on insufficient test data. There are indications that the length

eff.ct may not die out so rapidly as the formula supposes. tertainly,

with long specimens it would be expected that the probability of initial

imperfections would be larger than for short specimens. Another phenorm-

enos open to investigation is the fact that result* 4n the low range of radius-

thickness ratios %re undoubtedly a function of the particular material used,

since plasticity effects become of importance there.
*

C., Results for Conical Shells

The theoretica) analysis of Reference 24 yields the titlcal

axial Wad coefficient for conical shells as a modified form of the rabIult

for cylinders, namely

C= .P6)

It was also suggested in Reference 24 that the buckling load coefficient

C for conical shells might be similar to that for an equivalent cylinder

having the same wall thickness, a length equal to the slaat length uf the

cone, and a radius equal to the average radius of curvature of the cone,

The specimers were designed to investigate this hypothesis.

Thq results of the variou- tests are liven in Tables 3 and 4 in

the form of values of P/,lv]Z cos 13. In several prelimiWaiy zALlyOes

Par# of the experimestal results of this section are presented in the paper
"lOcbiing of Conical &bells Uader Axial Compression' by So] LAt*Ak
(M.S. Thei.s:. *UCLA. May 1960).
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of the data (References 25 and 26) attempts *are made to verify the above

hypothesis, with inconclusive results. The data for cones appea.ed to be

consistently higher thari those for cylinders. It has since been determined

that if the equivalent cylinder is assumed to have a radius equal to the

small radius of curvature of the cone, much better agreement Is obialned.

This conclusion was reached by a comparison of the results for beta the

cones and the cylinders with results predicted by the Kanemitsu-NoJima

equation for C , [quation (5). A comparison of the values of C/C for

cylinders and cones, given in the last column of Tables 3 and 4. indicates -

that the scatterband for both is similar. The experimental values for

cones are compared wfth the lower bound curve for cylinders la Figure 13,

where it can be seen t at the agreement is fair. It should be noted that

many of the high points correspond to cones having length small radius of

curvature ratios less than 0.5.

It is surprising that the smaU radius of curvature should be

significant, rather than the average radius of curvature, since buckle

pattern. of comical shells (smo Figure 14) show that buckles do not particu-

larly predmrrdnate near the top of the specimen. The aower to this prob-

lem may lie ix an e"aninu.tion of the large deflec.ions of conical shells,

which is unavailable at present. TVie fndnges of the prosent N4per

contradlt those to Referance 27. where the AO rai lus 0f curva-

ture was recommended for the equivalent cylinder. However, the edge

ceaditlous of the tests reported therein were such as to readr the pest its

invalid lor conical shells attached to e"d pates or stiffewd by end ria.

Some areas for future study can be suggeste 3 IS in .;• the.s

the acquisition of more data will suest better Wa eters t I I

a PI/t and will point up possible differeac" is te budaLig of cinS

and cylinders. It would be of istereat in ftW*e evrremeaftl InvestliaMMe

to k.ep the one"l radius of e/s ame saed Ai vary o arge rad-. va r

than vice vowr. as la tw prosOM eapoe. Lae deW"le 0410s7"e 0re

also desirable. A elue to the/ dC:armien patrs Of Go% sC ells

proably can be ebtaMwd frem a setud W te d,,eloble sufaces that

can be, derived fiom ceaal *haoes.
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Table 3. Experimental Data for Mylar Cones and
Cylinders Under Axial Compression

E x,10" 3  R/t L/R P/ZwEt CAC*
(in.) (psl)

(r.) a 00

0.0050 750 800 2.5 0.214 1./62
0. 0050 750 800 2.0 0. 167 1.068
0. 0050 750 800 2.0 0.167 1.086
0.0050 750 800 2.0 0. 196 1.141
"0.0049 748 816 2.0 0. 173 1.019
0.0050 734 800 2. 0 0.213 1.240
0. 0050 742 800 2.0 0. 343 1. 996
O.0050 742 800 2.0 0.269 1.566
0.0050 729 800 2.0 0.282 1.641
0.0050 7Z9 800 2.0 Z. Z86 1. 665
0.0050 739 800 2.0 0. Z61 1,519
0.0050 739 800 2. 0 0.268 1.560
Z. O50 739 800 2.0 0.234 1.342

0.3050 739 800 Z. 0 0.136 1.365
0.0050 732 800 Z. 0 0.241 1.403
O.0050 732 800 Z.0 0.247 1.436
0.0050 738 800 2. 0 0.2.55 1.484
O. 0050 748 800 2.0 0.340 i. 97
0.0050 748 800 2.0 0.-98 1.734
0.00% 729 800 2.0 0. Z99 1.734
0.0050 729 800 Z. 0 0. A42 1.524
0.0050 750 800 2.0 0. 16M 0. 9
0.0050 750 800 1.5 0o.194 1.069
C. 0050 750 o00 1.0 0.159 0.441
0.0050 750 800 1.0 0.114 0.144
0.0050 750 800 1.0- 0.-19 1.461
0.0050 7SO goo 1.0 0.21 1014i
0.0050 750 800 1.0 0. 2 1.202
0.0050 750 600 a 0 0.171 'l . Al
0.0010 750 6v0 a. 0 0. Z16 1.357
0.0091 750 %'8 1.0 0. a49 1. U
0.00% 790 40 1.0 0. iii 1.933

0."s 190 400 3.0 0.306 1.194
0.005. 750 400 1.0 0.•83 1.097
0. Oc" 750 4CO 1.0 0.,74 1.001
0.0500 750 400 1 0 0. W7 L113
0.0050 750 no 3.0 0.4095 1.04
0.0090 750 0oo 2.0 0. 31,1 0.911
0 _ _ o so __ _ "0 _.0 0. 3 G VS•0.0050 70 gooe 1.0 o:w o9 .,"q



STL/TR-60 -0000-19425
Page 29

I

Table 3. ConiL•i-ed

t 3 2
(iný) E x 10. R't L/R P/ZwEt C/C*

's) i )

0.0079 814 506 2 10.270 1.202
0.0075 770 533 1 0.188 1". .80
0.0075 770 533* 1 0.184 0.792
0.0)75 770 533 1 0.258 L Ho0
0.0075 770 533 1 0.214 0.92J.
0.00'19 770 506 0. Z72 1. 136
0.0078 770 513 1 0.356 1.499
0. 0082 725 488 1 0. 385 1.575
0. 0082 725 488 1 0. 375 1. 535
0. 0078 770 385 z 0. 323 1.324
0. 0078 770 385 z 0. 342 1. 29%
0.0080 7Z5 375 2 0.348 1. 29
0.0080 72S 375 z 0. 34Q 1.269
"f. o060 725 375 1 0. 353 1.243
C. 0080 725 375 1 0.320 1.13!
0.0082 7U5 366 1 0.359 1. 247
0.0081 725 370 1 0.372 1.00
0. 0075 770 267 2 0. 338 1.033
0.0075 770 2,67 2 0- 39C 1. 116
0.0075 770 Z67 z 0. 420 1.24
0.0075 770 267 2 G. 4U 1.9"
0.0078 770 Z56 z 0.302 0. 90f)
0.0078 770 256 2 0.341 1.01O
0.0075 770 267 1 0. 30 1.044
0. 0075 770 267 1 0.416 1.h0O
0.0075 770 267 1 0.369 1.070
0.0076 770 263 1 0.363 1,101
0.0004 735 150 1 0.367 1.024
0.0008 725 350 1 0.353 1 .Q 9S5
0.0075 770 133 2 0.440 0. 692
0,0075 770 133 2 0.$94 0. 79
0.0075 770 133 1 0. 433 0. 83
0.0075 770 133 1 0.489 o0.94

-a : s J: [ - -.. -m -
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Table 3. Cutninsiad

t E x .0O3 I R/t L/R IP/ZirEt2  C/C"

(a) a. ,,>0

0.0098 690 204 2 0.352 0.918
0.0100 690 ZCO 1 0.396 0.972
0.0100 690 200 1 0.461 1 132
0.0100 690 200 1 0.45I 0.191.
0.0100 690 100 2 0.361 0.618
0.0100 690 100 2 0.381 0.652
0.0100 690 100 z 0.39 0.6961
0.0100 690 100 2 0.4ZO 0.719
0.0100 690 100 1 0.418 0.667
0.0100 690 100 1 0.500 0.g3i
0.0100 690 100 1 0.433 0.711
0.0100 690 100 1 0.494 0.6 z
oJ. otr15 770 533 2 0. Zi6 1.000
0.0075 770 533 2 0.195 0.$94
Co.0075 770 533 Z 0.21$ 1.000
0.OOlb G00 533 2 0.305 1.499
0,0075 600 533 z 0.53 t. 161
0.000 762 500 2 0.315 1.393
0.000 7lz 500 Z 0.299 ). Z77
0.0060 725 500 S2 0.344 0. 3zo
0.0076 770 513 2 0. ,64 1,164
0.0041 720 494 2 0. 341 1.500
0. Co0s1 740 494 z 0. 10 0.922
0.0071 769 S13 2 0.07 0.939
0.0079 775 506 z 0 119 0.974
0.0079 709 506 a 0, i79 1.341
0.0079 769 -V t 1.;6 1.273
0.0079 810 iO6 2 0.300 1.335
0.0079 $10 506 2 0.300 1.335
0.0079 794 506 a 0.4654 1. 575
. n079 794 506 a O 3" 1.531

0. 00?9 794 set 2 0.373 1.640
U. 0079 794 906 0 0. 331 1.473
0. 00"9 764 5•694 0.. 1.213
0. c09 766 904 3 0. Mh 1.173
0.0079 616 9tO0 a 0.364 1.6g0
0.0079 016 !03 0. 39. 1.7s6

I• --- -_______
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Table 3. Continued

t EExlO 1 k/t L/R P/ZwEt2  C/C"

(in.) (p oi)

(a) L 0°

0.100 :.,go 400 Z 0.253 0.997
0.0100 690 400 2 0.320 1.241
0.0100 690 400 z 0.274 1.062
0 o. o90 400 z 0.2S7 0.996
0.0100 690 400 z . Z72 1.054
0. 0100 690 400 2 0.356 1.380
0.0096 690 417 z 0.332 1.318
0.010 w. 675 400 2 0.309 1.197
0.0100 675 400 2 0.290 1.124
0.U100 600 400 2 0.308 1.194
0. 0107 660 400 4 0.297 1.151
0. 0100 719 400 a 0. Z0 6 1.106
0.0100 723 400 2 0.311 1.106
0-0190 723 400 a 0. A98 1.15
0. 1100 739 400 2 G. 311 1.206
r4 1.,'I00 719 400 2 0.265 1.105
c. V 100 710 400 2 0.451 1.746
0.0100 710 400 2 0.415 1.609
0. OlOC 694 400 2 0.365 1.415
0i0100 694 400 2 o: Z92 1. AU
0.0100 716 400 2 0.396 1.535
0.0100 716 400 2 0.332 1.267
0.0100 726 400 z 0.301 1.167
0.0100G 76 400 2 0.21" 1.1"
0.0100 713 400 2 0.447 1.733
C10100 7.3 400 & 0.409 1. 58
0.0100 690 400 1 0. Z79 1.019
0.".:100 690 400 1 0.171 . 990
0.0100 6,90 1 0. it 0.AS3
0.0100 690 400 1 0.144 0. 99
n. 0100 690 400 1 0.345 1. Ul,
O. 0 lot 690 400 1 0.36 1.)44
0.000 ,90 323 a 0. u I 1.30)
o.0100o 690 300 2 0. 334 1.161
0.0100 690 300 1 0.319
0.0100 49 30 1 ;. 1 1.119
0.".J95 690 211 2 0.3 0.974

1j -• -
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I
Table 3. Coutmued

E x 10-' PI/t P/Z.& coe2oI

(Pei) /c/C

(b) a 100

0.0100 690 402 1.629 0.304 1.167
0.0100, 690 402 t.629 0.309 .,166I
0.0100 697 278 4.665 0.260 0.834
0.0100 690 278 4.663 A2.,42 0.777
0.0100 690 278 4.665 0.284 0.912
0.0.!00 690 278 4..665 0.267 0.921
0.0050 750 556 4.665 O..33 1.6160.0050 750 556 4.66S 0.324 1.572

0.0050 750 556 4.665 0.315 1.528
0.C050 750 556 4.665 0.341 1.6541
0.0050 750 556 4.665 0.3a8 1.591
0.0050 750 508 5.685 0.328 1.513
0.0050 750 508 5.685 01336 t.550
0.0030 775 1335 1.633 0.352 1.943
0A.030 775 1335 1.633 , 0.3. 1.$35
0.0030 775 925 5.194 0.196 1.304
0.0030 775 925 5.194 0.324 1.475
0.9939 775 925 4.665 0.258 1 ."5
0.0030 775 925 4.665 0.330 1.51t

(c) s 20°

0.0100 690 268 8.?) 0.344 5.067
0.4161 490 268 2.73 0.33a 1.030
4.0tO0 690 268 Z.73 0.326 1.011
0.0100 69 68 I 2.73 0.316 0.980
0.0100 26S 2.73 0.294 0.912
0.0100 go 160 6.40 0.379 0.0I9
0.0100 90 160 6.40 0.352 0.616
0.@100 690 140 6.40 0.335 6.776
o.om 750 536 2.73 .0J3 1.553
0.0mO 750 536 ,71 O.M 1.7111

#I.("0J 7JH 536 Z.73 0.395 1. "A
72.4 0.337o.5 75 320 16,40 ,,-
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Table 3. Continued

t Ex to 3 1 / p
(in.) (psi) P/zw'EtICOG

2

(c) a -0°0

0.0050 750 320 6.40 0.350 1.ZZ8
0.0050 750 320 6.40 0.386 1.3541
0.0030 775 1427 -'-. 2. 3 l8

0.0030 775 1427 068 0o.320 ZIO 5
0.0030 775 893 2.73 0290 1.831
0.0')30 775 893 2,73 0:257 1.623
0.0020 740 1340 2.73 0 48 1.9890.0020 740 1340 2.73 0.237 ?.901
0.0020 ,40 800 6.40 0.293 1.776,
0.0020 740 800 6.40 [ 0.292 1.770

(L) - 300

O.M,00 690 AW46-.. 0.561 0.330 1.180'36
0.0 tO0 690 381 1.194 0.307 t .121

O.Oi 650 287 1.731 0.408 1.091
0.0100 690 233 Z.57i 0.326 0.9291
0.0100 690 233 Z.571 0.351 I.WO0
0.0100 690 233 2.571 0.348 0.99A
0.0100 690 173 3.944 0.320 0.772
0.008 1 682 357 1.737 0.214 1.021
0.0086 650 262 2.509 0,291 0.936
0.0019 725 219 4.052 0.339 0.9,4
0.003 764 209 4.053 0.242 0.653
J.0050 750 927 0.563 0.265 1.375
0.0050 750 S6: 1.754 0.432 z.025
0.0050 750 465 2.S7 1 0. S , .360

.O0.00L0 750 465 2.571 0.280 1.200
0.0050 750 465 2.571 0.270 ,.,51
0.0050 750 345 3.948 0.350 1.173,
0.0030 775 1547 0.563 0.364 4 1.795
0.003( 775 1547 0.543 0.242 1.645
0.0)64 775 1547 0.563 0.347 1.359
0,.000 775 1547 0.563 0.336 1.24

s.O 775 1547 0.543 0.346 2.353
0.00w 77j 1547 0.563 0.133 1.618

J
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I
Table 3. Contiuued

(i. E x10-3

" "in (pi) P/ZwEt, o2 c/c'j

(d)u =300

0.0030 775 937 1.754 0.311 1.965
0.0030 775 937 1.754 0.254 1.605
0.0030 775 937 2.132 0.379 2.430
0.0030 775 937 1.754 0.238 1.504
0.0030 775 937 1.754 0.230 t 1.454
0.0030 775 777 2;571 0.341 i 1.979
0.0030 77M 777 2.571 C.332 1.927
0.0020 740 1150 2.600 0.320 2.340
0.0030 740 1150 2.600 0.214 2.077
0.0020 740 860 3.971 0.282 1.766

t - II

(e) o. 450

0.0100 690 z11 2.351 0,394 1 "055
0.0100 690 211 2.351 0.400 0
0.0100 690 211 2.351 0.394 1071

0.0100 690 105 5.714 0.355 !0639
C.C!00 690 105 5.724 0.383 0.C.89
0.01;0 690 105 5.724 0.371 6O
0.0100 690 105 5.734 0.388 0:696
0.0100 690 105 5.734 0.378 0.660
0.0050 75.o 11S 0.24 0.355 1.40
0.0050 750 1138 0.34* 0.350 1.330
0.0o00 750 1128 04.3 0.39 1.581
000500 70 113 C.348 0.395 1.549
0.0050 750 414 3.340 0.381 1.541
0.0050 750 424 2.J40 0.339 1.371
0.09m0 750 21Z 5.670 0.361 0.96
0.005i 750 All 5.670 0,373 1.01
O."O- 750 a1l 5.670 0.$56 0.975
0.WS"i 750 313 5.670 0.363 0.9"
0.04 750 31l 5.670 0.523 0.06
0.0019 775 1172 1.0*9 0.319 3146
0.004 773i 1173 1.009 0.296 9.0"
0.0030 775 702 3.351 0.39l 1.416
0.0030 775 7eZ 1.351 0.391 014A

I I
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Table 3. Concluded

Iol.
t E x to-=3 p 2(l. pi Piti pz,:ZoZ

in. (psi) e. C/I C

() 450

0.0030 1 175 348 5.757 0.236 0.158

J.sJ30 775 348 05.757 0..75 o.97-
0.C03O 775 348 5.757 0.260 0.9S7
0.0030 775 348 5.757 0.9195 1.086•
O.OC30 775 348 5,757 0.266 0.979
0.0030 775 348 5.757 0.2•6 0.979
0.0030 775 348 5.757 0.29Z !.075,
0.00oo 740 !702 1.767 0.__6 ?.U0O

L0.0020 . 40 .70?.2 1.767. 0.ZZO- 1.9671

(f) a 600

6 1,0 90 500 0.57 0.393 11.464
Co 100 6vo 300 1.34 0.375 1.196
0.0tO0 690 200 4.31 0.377 0.977
0.0100 690 200 2.31 0.405 1.0501

0.0100 690 200 Z..31 0.395 .O34i
0.0075 770 1067 0.478 1.393

0.0075 77U 10,., 0.15 0.475 1.24
0.0075 770 167 2.31 0.391 1.303

0.0075 770 WZ'7 2.31 0.360 L.107
0.0050 750 1000 O.57 0.302 1.617

0.0050 750 100r, 0.57 0.293 L.58
1 .0090 750 1000 0.57 0.445 1.413
0.0050 750 1000 0.57 0.413 Z.239
0.00sO 750 600 1.34 0.417 1.967

0.0050 750 600 1.34 0.39 1.901
0.0050 7SO 600 L.34 u.329 1.567
00090 750 600 1.34 0.339 i 567
0:0050 750 600 1.34 0.341 :1

I .03C 750 400 3.31 0.406 1.535
0."" 750 400 .3 0.406 1.913
o.W0 750 400 .310. 1.300
0.", 750 0 - 4 .00 a ," 1.415
0.00o0 750 400 2:31 o.1f t.18
0 . 40 3 0 77 S 109. 1O - 3 .1 63 10.0030 7 775 667 .319 0.37O L"4
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I
Table 4. ]Cxperimental Dati for Stevii Cones and Cylinders

Under Axial Compression

(n) (psli)! R/t LI ilk -"/2-g2 iCs

(a) Q -09

U.010 30.3 000 Z 0.310 1.804
0.010 30.3 800 2 0.267 I. 5

0.010 30, 800 1 0.335 1.814

0.010 30.3 800 1 0.266 1.441

0.020 30.3 400 2 0.362 1.403

O.Ozo 30.3 400 2 0.398 L.155
3.020 30.3 400 1 0.238 0.979

0.0Z0 10.3 400 1 0.346 1.264

0.0081 32.4 375 2 0..24 ,.;toq

0.010 34.4 300 2 0.73 0.89M

0.010a 30.3 300 5 0.281 0.945

0.010 30.3 300 1 0.303 0.939

0.021 32.6 249 4 0.2£ 0.746

0.012! 32.6 249 2 0.457 .753

"itoe ra~eZZ.31raftec.. 22.

B
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Table 4. Conclueeti

(I ) Ex to 6 J 1 /t , P/2I~t 2 o2 JCC
I!I

(b) 33 = 0:

0.0101 30.3 465 2.57 f 0.2/A 1.046

0)020 30.3 233 2.571 0.245 0.ý98

0.0.z2 30.s 233 2.571 0.167 0.760

C.020 1 2  30.3 233 2.671 0.214 0.6C9

0.0202 30.3 1233 2.S51 0.267 0 76:.

(c) a 60c

0.010 30.3 ,0ooo0 0.57 0.15• 1.361

O:O0i 30.3 600 1.34 0:370 1E763

0.010 30.3 600 1.34 0.293 1.396

0.010 30.3 j 6(-) 1.34 0.301 1.434

o.010 0 ' 400 2.31 0.310 1.210

01000101__ S.3j 400 2.31 0221 0.043

(d) c 750

0.010 30.3 758 1.061! 0.,43 CA90
0.010 30.3 7I8 1.08 0.337 1.70

0.010 30.3 758 1.0 0.346 0..7

0.020 3C. 3 57 0.635 0.135 1.145

0.020 30.3 1 )w 1.08 o.3M I1. i )

Ducld" adjacoau to sem (8-o~m ar~t rhmlwere).
zW2wla. noh,,, top cluin o p lat L,,41 wJU -.s yeld oe-.4it•,a.
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Figure It. iU1utratica of Shift of backla Pattern
for Retested hfyar Cy~limr.
(Dots &bow location of buckle corwrs
in previous test)
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VI. PRESSURIZED CYLINDERS UNDER AXIAL COMPRESSION

Increased emphasiti has recently been placed upon the internally

pressurized monocoque cylinder as an efficient load carrying structure

for missile applications. As a result, several experimental investigationk

have been reported in the literature (Feferences 5, 6, l., 20 and Zl).

Practically all the results obtained to date seem inconsistent with current

explanations of cylinder behavior. With the exception of the study of

Reference 5, even large amounts of internal pressure did not stabilize

the test cylinders to the extent that the theoretical small-deflection buckling

stress was achieved. Although the discrepancy between theory and experi-

ment is usiafly attributed to geometric imperfections and associated stress

concentrations, l&rge values of internal pressure should remove these

initial imperfections and provide cylinders which are subst'antia•ly perfect.

In most cases it is suspected that the plastic yielding of the material,

whether lhaa to high buckling stresses or excessive initial darage, is the

cause of •Je current confusion of the results.

Lnz order to provide test data on pressurised unstiffamed cylizrdars

whi•% would be less sexuaxtive to plasticity effects, tests were made on

8-lack diameter and -Inch length cylinders constructed o Ylylar. The

result .f this lawstlation are reported herein.

A. jest AMtinetua and Procedaic

The se"qi for the cosmrpressieo toss Is obeens in the pkstgrs

of rigare 15. The test specimen assen*Iy is illustrated in Figau l.

To maintan cosactricity of the cy.'.drs during castiag, th. grooves L'-
the end cape were steiped to provide a iotlsg diamoter. Tit align-

met eof tM two eqs during assembly wae prvide4 by th* oessr peet

a" hl haskig &sesembly. The teler"aco bet-, -i Mwt an• lmwbtg we.

"&J400t4 to em nite frietim a" to permit beedaw sa re" tei drlag the

tep".
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It was necessary to counterbalance the top cap weight, and very

careful specimen installation was required to avoid initial wrinkling of the

Z-and 3-mil cylinders. The center post of the top cap also provided a

mounting for a differential transformer. This displacement transducer

permitted measurement of the relative -- ovement between the caps along

the axis of the cylinder. Pressirivation of tha cylinders was acconx;ýissbd

with compressed air through ports in the botomn cap. An accumnnutor in

series with the specimen increased the control volume and assist•ed in

stabilizing the air pressure. The compressive load was applied with a

motorized screw mechanism in series with a Statham load cell, a ball

beazing, and a cover plate as illustrated in Figure 16. Te aating cov -r

plate provided clearau:e for the transducer lea" and eliminalte dekections;

of the top cap from thettransducer's measurements. Throagbwt the test-

ing, the loading meclaniam provided a uniform strain rate of approximately

0. 4 -,rcent/min. Load and deformation were recorded simulatnneously

"with a Mosley X-Y recorder. The internal pressure was measured by

For each fixed pressure, the axial load as grai al1ay increasmod

until snap buckling accurred or until an ul~tnate load reachod. Then

the load was decrease until the huckles disappeared. Lta.-detctl

diagrams were recordied continuously durning die lomagi and unladinslg

process. The internal pressure was m i•a-crased a givm am art

the process repeated. After the inmm pressre was reoacbhd, a

rerun as made at zero pressure to deter=he the degre of detsecira-

tion of the test spcims.

B. LoA-Deftectio Chracterstcs

A set of typical toad-defleethoi diagrems for wars u pvesuesn

is prsented Im Fiure 17. *Th occesn of diemi shaped hackle isaa

umiaka si.nce Siampea t* a maUpPing MnIe. the diagram.

t"s snnenoh Is illustrated by e sharp.see of go aId drp-off and by

Os ine of the ualoadlog hysteresis kw*. For Jacreassd interual pr aesr
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bt.ckling occurred with a smaller 3 iti cn2>g ~ dain pa~t~. t

figuf c, thia change is Illustrated :.a ( !.*. t), t*~ -)f.a J~y

reduzction. in the size of the hyst, ~sis ivop.

At the higher value a of initial circu0ý",, -;iferential ripplez resembling

the sinlusoidal wases assumed in t;,e classical rA a1..deflection theory,

appeared prior to collapse. The ccurrenceofh' 4  erpl.iilutad

b; the gradual change in the ulop.2, of the load -defor . ;ýttion wave.

Generally. theme rineq c aped deformatioflI, '; ppeared near the end

Caps. For the thinner cylinder~. increased compreer. l$ ive loa~dcaused these

waves to grow and to propagate f. um the ends, until th'-. yeIended over the

entire length ef the cylinder. 'TJý n elongated diamonds ,.' evelopect in the w$av~sj

near the ends and the load dropf d off gradually.' It is lfl O cstinig to note that

this behavior is in qualitative a reement with the predici i~ tons of the large-

deflection theory of Reference 3. For the thicker cylindi ra, however, these

waveswerec .. onfined tothe. reg nneartheends. Whbenthe', !Ompre a jve I OUa

was increased, the central pox- on of thecylinders remainc'i I undefo- -.arm

while the end waves grew until, .ther diamond- &ihaped buckit i.. evi

the cyliader ends became plast _-, when the load decreased it.~

Although the shape o the lo'ading portion-of the di4 grams did no

change. the onset of plasticiti was readily recognised. in. 0 ' ditionto a

decrease in the net collapse V ad, the unloading portion of th. ý-W7 diagrams-

changed. Ir-.jtad of dropping to a minimum ae then recOva; inlg cighitly

as the diamond-' shaped bucki- . disajppsazed,. the lead droppek ContinUOUl.

The diagrams for high prests tree in Figure 17 illustratt this -rTend. The

cylinder appears to have low its ability to recover, and,-as i\ beczpmen

more plastic. this inability 1 creases.

Measuzred load-end shorva~ing curves for the test yl je*g are

illustr"= u. F!igvze 18. T1 e test reaults for three values of Are Comn-

pared w"t thje thearet--Al c trvee derived by Dow and Paterson\

Bost Avop
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(Reference 29) for fiaiite cy•inders with axinvmmetric deforrndLiun. As

ind.,cated by the theory, the, deviation from the unit slope curve of unpres-

surized, unrrestrained cylinders increases with decreasing values of the

curvature naramete, and with increasing values of the pr.-ssure parameter.

For the higher values of Z (lower values of thickness), the agreement

between theory and experiment is excellent, even at high values of i. -'ut

for the two thicker .t..e deviation from the unit slope is even
greater than predicted by theory. This deviation of the experimental load-

shortening curves from theory is apparently associated with the difference

of the radial deformation pattern previously discussed.

C. Critical Axial Stress

The experimental results for critical axial stress as a function

of internal i'essure for the five skin thicknesses studies are g-'"en in

Table 5. Material properties of the specimens are given in Table 5(a).

The results are also plotted in Figure -9 in terms of the two dimension-

lc, pai'arnctcrs introduced by Lo, Crate, and Schwartz (Reference 19):

"V an---! p, Solid curves representing the approximate lower b:.und of the

scatterband are also shown. It will-be noticed that the general. tronve of

variation of ,cr with pressure is as predicted in Reference 19, iLe., the

tendency is for•cr to increase with increasing .F and to rep..h a constant

value at higher valuer of j. As expected, since the influence of initiai

imperfections diminishes with increasing pressure, the experimental

scatter ix largest for very low pressures. This scatter appears to be

depende;it upon the end conditions, among other factors, since the two

casting materials used, Cerrobend and Cerrolow, gave consistently

different results. (See Table 5(a) for material used for each specimen.)

Generally, higher values of Wcr were obtained for values of j up tc, 0.3

when Cerrolow was used. This tendency is illustratec in Figure 20 by two

series of tests cn cylinders clamped in Cerrobend for the first veries and

in Cerrolow for the second series. The difference appears to result from

the solidifying characteristics of the two allows. Upon cooling. Cerrolow

contracts slightly, whereas Cerrobend vxpands approximately Z5 times

this amount of cor'-zaction. Thus the cylinders installed !_ Cerrtb-:nd had
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more eccentricity at the ends anid, consequntly, gave lower values of

a'cr until the internal pressure could overcome the influence of ýhesc
intial imperfections. To illustrate the generality of this difference, the

unpressurized results for both clamped conditions are compared in

Figure 21.

For comparison, the results fox the various values of R/t
curves representing the lower envelope of scatter of T versus p are

cr
shown in Figure 22. It appears thatthebuckling coefficients O-cr are a

function of the radius-thickness ratio for pressurized, as well as unpres-

surized, cylinders. However, in accordance with theory, the buckling

coefficients converge to the classic value of.'cr' regardless o* the values

of R/t, in contrast to tli- results of References 19, 20, and 21.

The combined effects of axial load and internal pressure were

not large enough for yielding to occur in the cylinders of smaller wall

thicknes., but the influence of plasticity was felt in the thicker cylinders.

Ir. Figure 191b), plasticity near the end caps is illustrated by the drop-off

of 0 for high values of T. The cut off line illustrated in the figure,Cr

a" = 0-7287" - 1174• (7)
cr prop limit

was derived from a consideration of bending stresses at the ends of the

cylinders and represents the combined axial stress and hoop stress which

will cause the outer fibers to become plastic, based on a von Mises yield

condition. The proportional limit has been used, rather than the yield

condition. The proportional limit has been used, rather than the yield

stress, since a- cr appears to drop off soon after the maximum stresese

exceed this limit.

D. Corr.iparison With Other Experimental Data

The data from the current tests have been summarized in

Figure 22, by curves representing the lower envelope of the experimental

scatter. These curves have been raed for comparison with the results

from three earlier investigations. The data compiled by Dow and Peterson
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(Reference 5) for cylinders of 7075-T6 aluminum-are plotcc inyigure 23(a)

and 23(b). In general, the results for these ring- stiffened cylinders are in

good agreement withthose for Mylar cylinders. The 7075-T6 aluminum results

in Figure 23(a) are somewhat higher since the length- radius ratio of the

metal cylinders was 0.25 as compared to Z for thc- M). r cylyuiaers. T',,W

range of pressures covered in these tests ic limited. Tests covering a

larger range-oalpressures ase reported in Referenct. "' rhe results of

which are plotted in Figur'e 23(c). The cylinders used in these tests were

made from 18-8 half-hard stainless steel which has a rather rounded

stress-strain curve. The plasticity cut off line derived from the propor-

tional limit is illustrated in the figure. As in the case of Mylar, the

buckling coefficients.drop off steadily as the biaxial state of stress is

increased beyond this limit. For low pressures, however, the results

ar-. in fair agreement with the present investigation. A high strength.

stainles steel, 17-7 PH, was used ia the investigationtof Brown and Rea

(Reference 6). The results of these tests are plotted in Figure 23(d). At

very Low pressures, the influence of imperfections is evident, but as the

cylinder becomes stabilized by increased pressure, the results agree with

those for Mylar. It is unfortunate that the tests were not extended to high

values of p, since the stresses were well below the elastic Uimit of the

material.

One of the reasons for the discrepancy of other investigatiors

thus appears to be the onset of plasticity resulting from clamped end bend-

ing moments. The specimens used for the study of Reference 5 differed

from those of other inmestigations and of the present Investigation in that

they were ring-stiffened cylinders consisting of a test section and a buffer

bay un either side of the test section. The rings helped to alleviate bend-

ing etresses due to. end restraint and prevent prermature buckling due to

plasticity. In References 5 and 30 Peterson concluded that the short buffer

bays help to distribute the load and postpone premature-buckling due to

irregular stress distributions in the neighborhood of the suds. However,

it-can be seen from the comparisons of the presont sectionend those of

Sections IV and VII that the results of References 5 and 30 are not sensibly
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different from tnose obtained from specimens without buffer bays.

In some of the investigations, the buckling coefficients appeared

to drop off prior to the predicted occurrence of plasticity (see Figure 23(c)

for ins.ance). This discrepancy is suspected to be caused by plastic yield-

ing of the material as the result of damage incurred during the preceding

tests, or, in the case of very thin specimens, during the fabrication

process.

E. Critical End Shortening

Data for the axial deformation or end-shortening at which buckl-

ing occurred were also taken from the load-deflection diagrams. These

results are summarized in Table 6 and are plotted in Figure 24 In terms

of nondirriensional parameters similar to those used previously. The

magnitudes of the deformation represent a measure of the axisymmetric

radial deformations which occur prior to collapse, since the difference

between the tutal end-shortening and the compreNsive atrain is equal to

the nonline.ar deformation associated with the rippling which occurs at high

pressures. It wai found by triAl and error that plotting the strai differ-

ence 6cr - T cr) as a functicn of p/E(R/t)5/3 (see Figure 25) eliminated

the dependence upon radius-thickness ratios. It would be inteesting to

know if theoretical predictions bear any resemblance to the relation defined

by this method of plotting.

F. Minimum Load

in addition to measurements of the critical load and end deformli-

tion, minimum load data were laken from the load-deflection diagrams.
The minimum load, as used here, refers to thi low#est load attained in the

deformeud equilibrium condition during the unloading process. The results

for minimum load as a function of internal pressure for the five radius-

thickness ratios are summarized in Table 7 and plotted in Figure 26. The

general trend of the variation Of? m in with the pressure parameter ý is in

accord with the dashed durve representing the values deri-ed in Rcf.-.:ence

Z8. It is intcreating to note, however, that the minimum values obtained

here are less than thoie predicted. which would indicate that

r
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either the currently ubed iarge-deflectior- thcory is r'ot accurate enough
for such large strains or the current sonutions are not sufficientl/ accurate.
As predicted by the theoretical solution of Reference 4, for initially imper-

fect cylinders, there is little scatter in the tmeasured values of the mini-
mum szre.s coefficient which is independent of the radius-thickness ratio
of the cylinders. The lower bound curve for F is included in Figure

m in22. It is interesting to note that the lower envelope of the buckling coeffici-
ent curves appear to approach the curve for rmin as a limit, as the radius-

thickness ratio increases.
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T&1a~t 5. Experimental Datis for Pressurized~ Mylar Cylinders under
Axial C~iiapresaion.

p *.33 It P, PL3. I Pcr
3.. H100 Ito 11b 3"3 3 b

0.0 3.4 '0 0.1809 0.0 0.0 0 .64 1 . :,0.49 .

0.0 4.1 Ca 0. 0.01? 0.0 3.7 3.3 0.90 .4

0.4 S0. 4.1 Q.S 0.074 0.4 4.4 3.9 0.113 0,000I. 6. S 0.2114 0.114 0.7 S.0 4.4 O.00', 0.126
0.0 7.3 05. 0.330 0.303 0.d 4.1 4.4 0.46) 0. 1"

3.0 01. 4 .4 f00317 0004 1.0 4.0 . 0.3 GA1 0.00

.3. 30.0 7.3 .6 1
Z.0 It.$ . .44* ~ . I. 0.34 0..0

0.0 31.0 0.7 0.450 0.474 A. % 33.5 7.3 0.437 0.534

0.0 3 4.5 .9 01 .4?1, "'o4 11 3.1 7.7 0.44 0.617

3.0 30.0 9.1 0.479 0."43 1.0 14.4 8. ,045? 0US0
4.0 34.9 9.6 0.000U 0,700 4.0 3S. 41 0. .463 :1.03

0.0 30.3 30.2 0.03? 0.9031 S.0 38.3 0.0 0.534 LOU3

4.0 01.1 00.0 O. 037 I.31" 0.0 00.0 9.4 0.040 1.449

7.0 43,3 30.4 0.47 LM33 7.0 U.7 300 01' 3446

0.0 AS04 0. 0.574 1,9 3.0 4.0 047 0. 0.03 3.403

0.0 07.4 33. 1 . -44 1. 73 01.0 04,7 30.4 3.594 3.as?

30.0 00.4 33.2 0.89 3.9000 30.0 054 0.4 .0.1114 A.")

30.0 33.4 33.4 0.033 1 079 30 U3.3 30.0 0.4&W4 .474

14.0 )7.4 33.5 0.403 46%9 34.0 3A.3 30.7 0.3 0.8

34.0 'v. 0.434 ).04.0 340 3.0 30.9 0.403 3.0

14 .. 001. 0 477 P 30.0 CA403 4.304I

0.0 0.7 ? I 0.C304 6.0

1. 30 30 0.34 0 00

0.A 3. G.030 0.030

* 4& 040 9.906

0.411 *0 03 07 M.3

3.3 04 7 7 I 34

00 30 . 08*00
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Table 5. Continued

Spocimnt~ No. 20.4 1 [,, Specimen No. Z0.3

p "to.L P., I C c Pow Pt, Ta,
In. Ho lb lb IIn. HO0 lb I b 4

0.0 4,6 4.6 0.24 0.0 0,0 1,9 0 .0 .

0.2 6.1 S.? 0.311 0.040 0.1 5.3 4.9 0.262 0.019

0.4 6.8 6.1 0.13". 0.0?9 0,4 6.9 6.2 a % 0.077

0.6 7.6 6,5 0.354 0 136 0.6 7.7 6.6 0.353 0.116

0.0 8.5 7.0 0.381 0.15 0.6 8.6 7.1 0.350 0.315

1.0 9.1 7.3 0.398 0.19? 1.0 9.4 7.6 0.406 0.194

3.1 10.6 7.9 0.430 0.,96 1.5 11.3 8.6 0.460 0.291

2.0 11.9 1.3 0 4S2 0.394 Z.0 12.3 5.9 0.476 0.360

I.. V.41U 0.493 2.5 :3.7 9.2 0.492 0.483

3.0 14.3 8.9 0.41 O.9ql 3.0 15.1 9.7 0.919 0. s1

-s 1.5 9.1 0.496 0.691 3.5 16.2 9.8 0.324 0.6"1
4.0 16.7 9.4 O.311 0.7z94 4.0 17.3 10.0 0.5.35 0.775

5.0 19.0 9.9 0.340 0.986 3.0 19.3 10.2 0.540 0.%9

0.0 Z0.9 10.0 0.545 1.184 6.0 11.6 10.7 0.573 1.163
7.0 13.3 10.6 0.4'7 1.381 7.0 13.6 10.9 J.5413 1.357

8.0 2.31 10.6 0.578 1.578 8.0 Z5.S 11.0 0.359 1.551

9.0 27.0 10.7 0.513 1.773 9.0 27.2 10.9 0.383 1.744

10.0 29.1 10.9 0.594 1.973 10.0 29.1 10.9 0.538 1.930

12.0 32.9 11.1 0.605 2.367 12.0 33.0 11.2 0.600 2.326

14.0 36.4 11.0 0.600 2.762 14.0 36.4 11.0 0.589 2.714

16.0 40.71 11. 0.60S 3.156 16.0 40.3 11.1 0.$94 3.130

35l0( 3.7 !.1.0 0.600 3.551 13.0 44.0 11.3 0.105 3.4119
20.0 47.4 31.[1 0.603 3.945 20.0 47.6 11.3* 0.605 376

0.0 4.9 4.9 0.271 0.0 0.0 4.0 4.0 0.214 0.0

Speclime., No. 20.6

P Pcotal Pcr cr

In. HIO lb lb

0.0 L.a 3.6 0.19S 0.0

0.2 4.9 4.5 O.244 0.039

0.4 5.6 5.1 0.276 0.078

0.6 6.2 5.1 0.276 0.116
0.6 7.0 3.3 0.298 0.156

1.0 7.11 6.0 0.326 0.197

1.5 9.6 6.9 0.374 0.295

2.0 11.0 7.4 0.401 0.394

2.5 31.5 5.0 0.434 0.492

3.0 13.8 8.4 0.455 0.S3

I.: 15.0 0.6 0.466 0.619

4.0 16.2? .9 0.402 0.767

S.0 11.6 9.5 0.MIS 0.984
6.0 "A0. 10.0 0.S.kl 1.150
7.0 1 2.9 10.0 0.541 1.350

0.0 35.1 10.7 0.560 1.5T4

9.0 27.3 31.0 0.596 3,'M3

10.0 29.2 11.0 0.96 1.96?
11,0 33.0 m I .2 06.607 1.361

14.0 36.6 11.4 0.618 ".754

16.0 40.8 : .2 0.407 3.148

1 ..0 43. 1 LA. 0.60? 3.541

20.0 47.6 31.3 0.613 3.93S

0.0 3,J 5.3 0.379 0.4,S _ _ -
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Table 5. Continued

Specimen No. 30. 1 Specimen No. 30. Z

p P Total per Icy p P7olal 1 j cv
In.Ho0 l lb1 0 I lb I lb I 0 l

0 8.5 , 0.,U 0.0 0 1.0 7. C 0.223 0.0

0.5 13.2 12.3 0.306 0.C46 o0. 32.7 11.3 0.2°0 0.045
1 14.9 13.1 0.326 0.090 1 14.S I., 7 0.315 0.o090

2 18.1 14.9 0.371 0.160 2 16.5 14.9 0.370 0.180

3 21.6 16.1 0.404 0.271 3 1.8I 16.4 0.407 0.270

4 24.3 17.5 0.436 0.361 4 Z5.0 17.7 0.440 0.359

5 7.9 1,.o 0.464 0.451 5 V7.7 18'6 0.461 "-0.449

6 +0.3 19.4 0.483 0.,41 6 IO. 1 19.2 0.476 0.539
7 32.6 19.9 0.496 0.63Z 7 3z.6 19.9 0.494 0.629

8 35.1 ZO.6 0.513 0.722 S 34.9 20.4 O.S06 0.719

9 37.4 21.,1 0.+51 0.612 9 37.6 21.3 0.529 0. 809

10 39.3 21.2 0.58 0. 90Z 10 39.5 21.4 0. ' I1 0.0 "
12 43.7 21.9 0.54 1.083 12 44.1 22.3 0.5I° 3 1.078

14 47.6 22,.2 0.o.3 1.263 14 48.3 22.9 0.569 1.2o I

16 51.4 22.3 5 56 1,444 16 5z. 23.2 0.575 1.431

20 59.6 23.3 0.50 1.604 1i 56.0 23.3 0. - 1.617

24 67.3 23.8 0.593 2.165 o0 59.9 23.6 0.565 1.7'7
z0 74.9 4.14 0.600 2.526 24 68.0 24.5 0.608 L156I

32 8Z+ 4 4.3 0.60S Z.8 87 28 75.4 " i4.6 0.610 I .516

0.8.4 .4 10o209 0.0 32:6 85 2..75
36 90.0 24.6 0.610 3.234

40 96.5 23.9 0.596 3.59
0 9.5 9.5 0.236 0.0

Sja.1M*8 No. 30. 3 Specuimen No. 30.4

p Total Pcv 'c, ; P ~ TOWa "c' c
1u.J4 0 lb lb ln.H20 lb lb

0 7.6 7.6 "0.-64 0.0 0 S. ? . 1 0.0

0.5 11.5 10.9 0.264 0.044 0.5 11.4 10 1 .o244 0.042

1 14.3 12.5 0.30.9 0.088 1 14.5 32.7 0.294 0. 04

2 18.5 14.9 0.361 0.175 2 18.3 14.7 0.341 0.1651

3 21.S - 16.1 0.39 0.2.063 11.9 16.5 0.383 0.252

4 25.0 17.7 0.425 0.310 4 29.1 17.5 0.413 0.336

5 27.6 16.5 0.448 0.435 5 27.7 16.6 0.431 0.420

6 30.4 19.5 0.472 0.126 6 30.3 19.4 0.450 0.5104

7 32.5 19.8 0.480 0.6131 32.7 20.0 ,.464 0.5S"

8 3. 1 20.6 0.49" 0.701 6 35.5 21.0 0.497 0.672

9 36.9 20.6 0.099 0.789 9 38.0 2,1. ? 8.103 ,.756

10 39.8 21.6 0.123 0.876 10 40.9 2...7 0. S2 0-.40

32 43.9 2L.1 0.135 1.052 12 45.2 23.4 0.542 1.000

14 41.61 23.4 0. 66 1.227 1'4 49.9 24.1 O.S68 1.175

16 53.4. 24.4 0.59" 1.402 16 53.3 24.3 0.563 1.343

I1 57.3 24.6 0.595 1.577 18 57.4 24.7 0.573 1.511

23 60.8 24.5 0.593 1.713 10 61.4 28.1 0.152 1.6.9

2s 65.2 25.3 0.612 1.925 22 65.3 25.4 0.119 1.04?

26 72.4 2I.L 0.610 L2.78 T. 73.2 26.0 0.S03 .183

o0 79.3 13.3 0.613 2.629 M30 0.3 25.61 0.598 2.319

54 86.8 25.1 0.608 2.979 34 17.7 26.0 0."031 2.65

38 ,.1.6 . & 0.600 3.3:0 Is 95.1 8o.1 0.605 3. 190

42 101.1 24.9 0.603 31.680 4 1012.1 126.0 0.603 1 .526
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Table 5. Continued

Specimen No. 30. 9 Specimen NW,. 30.6

S P cr rcr p Total per crv
In.OH i0 lb lb In. 14 O lb

0 11.2 1.z 0.259 0.0 0 T.6 6.6 0.194 0.0
0. 5 IS1.4 14. 5 0.335 0.042 0.5 11.9 11.0 0. Z49 0. 0-1
S 11.5 1S." 0.363 0.084 1 14.4 1.6 0.261 0.022

2 20., 16.7 0.396 0.160 18.3 14.7 0.332 0.144
3 0. . 17.6 0.335 0.0.25Z . 21.0 16.6 0.374 0.046

4 25. 16.9 0.428 0.335 4 29.2 17.9 0.405 0.31H
s 28.7 19.6 0.453 0.419 5 29.Z 20. I 0.4%4 0.410
6 31. 10.2 0.467 0.101 6 3Z.4 21.5 0.486 0.493
7 33.7 21.0 0.4"6 0.587 7 34.7 Z2.0 0.497 0.574
a 36.5 22.0 0.S09 0.671 A 37.2 22.7 0.513 0.635

9 38.7 Z2.4 0.518 0.795 9 39.5 23. 2 0.925 0.73?
10 41.1 21.9 0. 530 0.838 10 41.8 Z3.6 0.534 0. a19,
is 4S.1 23.3 0.939 1.006 12 46.4 24.6 0.556 0.963
14 49.1 23.8 0.450 1.174 14 92.0 25.6 0.579 1.147
16 53.6 24.6 4.569 1.142 26 M6. 26.3 0.594 1.311
1I 57.4 24.7 0.971 1.509 is 59.4 26.6 0.603 1.475
20 6z. IS. 7 0.994 1.677 20 63.3 Z7.0 0.610 1.650
22 6S.9 26. 0 0.601 1.845 2* 66.6 26.7 0.601 1.503

26 73.8 26.6 0.615 4.1.0 26 74.2 26.9 0.608 Z. 130
30 80.9 U6.4 0.610 2.516 30 89.3 27.1 0.41 Z..458
34 Il.2 26.5 0.612 2.860 !4 88.8 S7. t 01 .

95. 1 26.1 0.603 3. 16 38 9c,. I I 7. 0.612 3.113
L 42 log. 1 25.9 0. S" 3.$szz 42 103.4 27. ,615 J.441

1 0.0 i 8.4 0.4 0.190 0.0

8peelvam No. 30.7 5891mea No. 30.8

P Taa1 per rcr p p TOW. Fd2V F J it
1a.N3 0 lb lb a.N 30 lb l

0 11.1 11 0.252 0.0 0 13.6 13.6 C.a" 0.0
6.5 15.1 14.3 0.32i 0.042 0.S 16.9 16.0 0.352 0.040

I 14.S 14.7 0.334 0.082 1 19.1 17.3 0.3?9 0.079

3 20.3 16.? 0.379 0. 264 2 22.7 19.1 0.419 0. 15
3 33.0 17.4 0.400 0.240 3 25.4 20.0 0.438 0.238

4 rI .L, 0.421 0.329 4 =?.6 20.3$ 0.445 0.16
5 M 9.5 0.4 0.46" 0.411 5 30.0 80.9 0.498 8. "9
6 32.9 21.6 0.490 0.493 6 52.1 3I1. 0.46" 6.417
7 34.? 22 0 0.100 0.576 1 34.1 1.4 0.4419 0.5116
* 36.9 38.4 0.509 1 40658 a 36.3 21.7 0.414 @.635
9 39.3 AL.9 0.530 0.748 9 39.0 I2.I 0.490 s•",

10 41.3 33.0 0. on 0.022 10 41.4 23.3 0. 8.994
41 .5I 33.? 0.538 0.98? 11 44.0 24.2 0.530 0.95

1 1 0.5 24.6 0.159 1.l5M 14 5084 15.0 F" I.11 I
16 14.c al5. a .573 1.364 14 54. 26 8.54 189"
to 5A. 1 25.4 0.511 1.410 i1 58.9 3I.8 0.594 I. 4I
20 64.1 3I168 8.55 1.645 60 42.4 34.1 0. on 1.16of
3S 6169 M.8 C. I0 1.859 1" 441.5 84.4 8.3M . 9ml
4 ?3.? 34.5: 61601 . 13$ 36 14.1 36.9 0 5M 3.064

30 11.3 4.8 .69 L.467 ?0 81.5 9 .0 5.9 1" A;V4IA
34 8L8 17.1 0.,15 1.716 34 58. It.* 0.5S8 3.,,,
30 96.2 27.2 l 6.618 3.15 38 9.3 31.3 0. 4516 1. t?
43 IN0.4 It.: 0.P3 5.40• 43 )f'3. 6 lS. 4 6.40 L.:/4

0 11.4 11.4 8.9 8.8.0 0.0 IL8 2 l, 1 IL? J 0.,
I j J.
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Table 5. Continued

-L Specimen No. SO. 1 ~ s;_____, 1..imen No. SO. Z

P Pa. F Ptota p Pcrr
0 Lb ._ In. ;'0 -b Ib

ZS.4 28.4 ,-.247 n 0 27.7 27.. 1 .'4t1
38.1 36.3 Q 313. 0.03Z 1 37.3 3S.S 0.309 0.03M

2 43.0 39.4 1.343 0.063 44.1 40.5 . 30.15 0.063
3 47.4 42.0 ,.565 -).09S 3 47.4 4Z.0 0.365 0.095
4 50.7 43.4 0.378 0.3Z6 4 50.0 42.7 0.375 0.|26

6 S7.9 47.0 0.409 0.189 6 S6.0 45.1 0.392 0.189
a 64.7 50.2 0.436 O .ZZ 8 63.8 49.3 0.429 O.252

10 71.3 53.1 ý .461 0.316 10 69.6 531.4 0.446 0.316
I5 84.1 56.8 0 494 0.473 Is 82.8 55.5 0.483 0.473
20 95.3 59.5 " 1s1 0.631 20 95.7 5,.4 0.516 0.631

a5 106.9 61.5 C.53i 0.789 25 !06..: ,A' 1 .) q,8 0.789
30 118.3 63.9 0.535 0.947 30 117.6 63.2 0.550 0.947
40 339.7 67.1 C.584 !.262 40 139.1 66.5 0.578 1.262

In. Hl6 In. HS4

4 10'7.6 69.2 0.601 3.711 4 167.5- 69.1 0.601 1.711
5 193.5 70.5 -1. 13 2.139 5 193.2 70.2 0.613' 2.139

6 ZI?.O 69.5 O.OS 2.566 6 217.5 70.0 0.009 2.366
7 Z40.6 68.5 0.596 2.994 ? 240.0 68.7 0.598 2.994
0 266.5 69.8 0.606 3.422 a 267.1 70.4 0.6 11 3.422

9 291.1 69.9 0.607 3.850 9 291.3 70.0 0.609 3.850
0 29.3 0 0.255 0 0 Z7.5 Z7.5 0.239 0

Spacimen No. SO. 3 Specimen N•o. 50.4

S;,A -

0 27.1 27A1 0.234 0 0 30.., 30.3 0.261 0

I 3..4 34.6 0.Z93 0.031 1 38.3 36.5 0.314 0.031

a 4Z.9 39.3 0.339 0.062 a 43.7 4C.1 0 146 0.Otl.
3 48.3 42.9 0.370 0.094 3 49.7 44.3 0. Se2 0,094
4 53.3 44.0 0.396 0.12S 4 SS.0 t?.? 0.411 0.12'

6 61.9 51.0 0.440 0.188 6 63.4 SZ.5 O.4SZ :.l8
* 69.5 55.0 0.474 0.250 8 70.5 56.0 0.401 0.2350

10 76.1 57.9 0.499 0.313 10 75.4 57.2 0.493 0.313
15 89.7 62.4 0.53? 0.469 Is 86.5 $9.1 0.510 0.469

20 102.1 65.8 0.566 0.625 10 98.1 61.8 0.532 0.625
23 112.4 67.0 0.577 0.71Z 2s 108.6 63.2 0.545 0.762

30 1.9 ".5 0.5" 0.938 30 119.8 65.4 0.563 0.938

35 132.0 68.5 0.590 1.,94 31 130.4 66.9 0.576 1.054
40 141. 68.9 0.593 1.231 40 140.0 72.6 0.580 1.251

In. NJ In. HS

4 167.2 468. 0.5Z 1.695 3.5 354.1 68.2 0.588 1.48)
5 193.A 69.6 0.600 2.138 4 167. 69.5 0.590 1.695

6 216.6 69.1 0.95 8.5412 4.5 180.3 69.6 0.688 1.906
7 242.1 70.0 0.603 .968 5 192.8 69.8 0.601 2.318

I 266.0 69.3 0.59? 3.389 6 217.4 69.9 0.60, &.54e
9 290.6 69.3 0.597 3.33 7 242. 70.7 0.609 2.964
0 27.6 87.6 0.236 0 8 3 167.3 " .6 0.6 3.3809

| .8 70.5 .6A07 3.313
L .E __• : °' " _
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S Table 5. Continued

p 81pecimea No. 5o.5 9pCcimen No. 50.6 6

P Ptcaw )Per 7rý 1 P Ptima~ Pcr Fe, .l

In. H20 lb lb In. H 10 lb lb .

0 3Z.3 32.3 0.181 0 0 40.0 40.0 0.343 0

1 45.7 43.9 0.384 0.031 1 47.5 45.7 0.392 0.031

Z 48.7 45.1 0.394 0.063 Z 51.6 46.0 0.412 0.062

3 12.9 47.5 0.415 0.09" 3 55.7 50.3 .0.431 0.093

4 17.3 50.0 0.430 0.127 4 S6.6 51.5 0.442 0.124

6 60.2 55.1- 0.48* 0.190 6 64.S 53.6 0.460 0.187

1 72.6 58.3 0.508 0.254 & 70.6 56.1 0.482 0.249

10 76.1 59.9 0.521 0.317 10 74.9 56.7 0.487 0.311

is 1:9.8 62.5 0.546 0.475 is 8.0 60.7 0.SZJ 0A67

0 100.2 63.9 0.S56 0.634 20 99.3 63.0 0.541 0.623

2s 110.6 65.2 0.370 0.79. as 111.0 61.6 0.563 0.770

30 320.7 66.3 0.579 0.951 30 1U..6 66.2 C.516 0.'34

3S 130.6 67.3 0.536 1.109 35 232.9 69.4 01.595 1.090

40 140.3 67.7 j.391 1.266 40 142.8 70.2 0.603 1.246

ta. Hs In. uI

3.6 054.6 68.7 0.600 1.503 3.5 155.7 69.A 0.199 1.477

4.0 167.6 69.3 0.605 1.716 4.0 161.7 70.4 0.601 1.808

4.1 179.3 68.6 0.599 1.933 4.5 180.6 69.9 0.600 1.899

5 291.0 6".6 0.599 1.147 5 193.4 70.4 0.605 2.110

S a11.9. 69.4 0.606 2.577 6 217.6 -0.1 0.602 2.332

7 24t.3 69.2 0.60! 3.006 7 242.0 69.9 0.600 2.954

& 265.6 68.9 0.60;. 3.436 6 Z67.1 70.4 0.605 3.376

9 290.2 64.9 0.60* 365 9 292.2 70.9 0.609 3.790

0 i 32.7 32.7 0.706 0 0 31.3 31.3 0.16V 0

__ peioma Ne. W7. 1 Specimen".& . SO.6

* ~ ~~~~ pl.1  r ~ I , P5 1, 1 .I.., -*

la. MO lb lb In. H 2 0 lb Lb

0 34.0 34.0 0.298 0 0 40.0 40.0 0.540 0

1 44.9 43.1 0.377 0.032 1 46.0 46.2 0.393 0.033

2 .49. 45.7 0.400 0.064 2 52.2 48.6 0.414 0.0 62

3 62.9 47.5 0.415 0.091 3 64.3 4".9 0.416 0.093

4 16.3 49.0 0.429 0.11? 4 56.5 49.2 0.419 0.124

6 62.1 51.2 0.446 0.190 6 60.7 49." 0.423 0. .1t

1 68.6 64.6 0.474 0.2%4 6 65.6 51.1 0.431 0.24

10 74.1 15.9 0.469 0.317 10 71.5 53.3 0.413 3.3C
15 86.6 A 1.3 0.016 0.475 is .21 68.6 6.500 0.4.3

20 97.3 61.0 0.333 0.664 30 98.? 62.4 6.530 0.61

2s 0717 62.3 C.544 0.792 2s 110.? 66.3 0.3511H I 6".7

30 118. 63; 0.358 0.9s) so 121.6 67.4 0.73 0.CU?

35 126.? 6W.s 0.370 1.109 36 t13.0 66.5 1.6611 1.•!

4 1 W69 66.3 0.579 330 460 141.3 61.7 9.014 b .:7

ia. we Is. us

3.6 131.7 619. 6.510s 1.05 3.56 166.1 70.2 6.59? 1.;-

4 1"61. 59.6 C9.95 1.716 4 166.3 70.0 6.596 3.47I

4.6 179.9 69.1 6.665 1.935 4.5 112.3 71.6 0.609 1.8-4

5 191.9 60.9 U.603 2.147. 6 199.2 73.2 .614 *8.21

6 W4 GA 0.610 2.577 6 217.7 703 0@J91 24

3 4J 69.9 6.611 1.006 7 843.X 70.9 0.03 A.",

S 266.3 69.6 *s0* A.436 9 264.0 71. 0.64,4 I. a
19 911 69.9 0.611 3.064 9 892./ 71.1 0.S0. 3. ?

0 29.9 29.9 6.566 0 0 31.1 36.1 0.296
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STable 5. Continued

SpecirBOB No. 79.1 Specim..m No. 79.9

P pto*1 PeCr zcr I p Ptotal pcr I | l
In. H1O lb ilb In. HZO lb lb

a 95 95 0.300 0 0 84 04 0.179 0

106 0OZ 0.322 0.0Z3 a 106 10 0.339 0.034

5 119 110 0.34 I 0.057 5 115 106 O.3SA 0.0"

10 140" Izz 0.385 0.115 10 140 133 0.405 0.30

IS 159 132 0.417 0.17Z IS IS9 113 0.439 0.19'

20 176 140 0.442 0.Z30 30 177 141 0.460 0.341

30 Z04 1SU 0.474 0.344 30 205 151 0.50* 0.36*

40 330 157 0.496 0.459 40 230 157 0.531 6.462

In. Hg In. me

4 366 166 0.530 0.633 4 363 165 0.598 06AS

5 395 172 0.X43 0.776 5 394 171 0.568 0.806

6 32& 174 0 I50 0.934 6 330 173 u.571 0.960

a 377 ISO 0.560 1.Z4S 0 374 177 0.301 1.306

10 431 185 0.544 1.S56 10 424 170 0.F91 1.63!

is 467 193 0.606 1.967 Ilz 476 llt 0.601 1.9s9

14 536 193 0.606 2.170 14 Us 101 0.601 2.286

16 563 IS8 0.594 Z.490 16 576 102 0.604 1,6*3

1: 611 "06 0.569 8.601 16 619 176 0.584 3.939

20 673 161 0.57* 3.113 a0 664 17M 0.571 .3465

33 720 179 0.565 3.4m3 i2 705 164 0.545 l."93

0 95 95 0.300 0 66 1 6 0.386 0

f Upcimma 79. 31-1 Sprc:w No 79.3-Ft• n€, • i P.. P1 crp ptW Pc, T.,
H to. lz b In. 111o lb lb

6 0.270 6 116 116 0.4

104 100 0.314 0.039 a 134 1"0 0.407 0,01

3 135 116 0.U$4 0.037 5 147 136 0.45) 0.0057

10 147 139 0.405 0.11 4 10 166 146 0.464 0.114

is 164 137 0.430 0.171 is 179 13 0.476 0.1

20 111 145 0.456 0.628 30. 193 157 9.492 GAS?

30 211 157 0.494 0.34; 30 319 165 ,l)il 0.1

40 238 163 0.319 0,456 40 341 16 0a."? 0.4D 4

In. HX Il. HS

4 270 172 0.140 0.618 4 173 175 I.S49 01415

5 297 174 0.547 0.773 f 303 160 .56 14.T?69

6 3235 177 0.156 0.9!f 6 S3 1io Io 0.44 06.902

I Sal I4 0.S79 1.237 0 382 1IS 0.540 1351

10 431 1"6 G.SSS 1.5646 10 434 186 0.596 .S3@

12 45 *90 0397 . *3 487 193 1.6411 *.846

14 5 94 0,610 3.165 14 5il 194 0.6*8 1,154

1L 111 204 0.604 3,474 16 506" 191 0.641 8.461

is 61? *94 0.616 1.7@ .II .35 193 ,6.6 8.369

s0 684 19* 0.04 3.093 30 600 IN 10.6 S.A

N 713 1*7 0.568 3.401 13 Tax IS, 4.560 1.54

0 I1 999 w ,9 6
-|--.,-
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Table 5. Continued

Specimen No. 79.4 Specimen No. 79.S

P ttl Per v cr p P Ptotal Per Ter

In. H 7 lb lb In. HO lb lb

0 13 IIl 0.370 0 0 104 104 0.$46 0

2 IZ0 3i6 0.386 0.024 2 113 109 0.363 0.0Z4

S 131 IlZl 0.406 0.060 5 Ill 113 0.376 0.060

10 147 129 0.430 0.1Zl 10 138 IZO 0.400 0.181

45 16Z 135 0.450 0.i8s 153 IZ6 0.420 0.143

ZO 176 140 0.466 0.241 20 168 112 0.440 0.Z41

30 Z02 148 0.493 0.362 30 195 141 0.470 0.362

40 Z25 Isz 0.506 0.482 40 ZZ0 147 0.490 0.40Z

In. He In. Ig

4 , 37 935 0.530 0.654 4 254 356 0.520 0.654

5 2,7 364 0.546- 0.837 5 283 360 0.533 0.817

6 313 165 0.550 0.981 6 312 164 0.546 0.981

1 370 373 0.576 1.308 8 367 170 0.564 3.308

30 122 376 0.506 1.635 t0 420 174 0.580 1.635
I1 475 180t j 1.00 1.96Z 32 473 178 0.393 I.9Z

14 S26 112 0.606 2.289 14 SZ6 182 0.6C6 2.289

16 577 183 0.610 2.61I 16 575 183 0.603 2.615

18 623 I80 0.600 2.943 is 617 174 0.580 Z .943

20 663 171 0.570 3.269 0 83 83 0.276 0

86 86 0.2866 0

Specimen No. 79.6 Specimen No. 79. 7

P Plot&, P cr 'cr P P Ptotl 1  c .
I1.. .HZO lb lb In. H20 lb lb

0 1!6 136 0.37) 0 0 110 130 0.354 0

2 127 I3l 0.396 0.02" 2 131 it' 0.376 0.023

5 140 131 0.421 0.058 134 is5 1 402 0.0O8

10 157 139 0.447 0.136 30 153 Ili 0.418 0.116

Is 173 146 0.470 0.175 is 168 141 0.454 0.175

4 88 352 0.489 0.233 20 185 149 0.479 0.233

30 216 :6z 0.521 0.350 30 111 157 0.105 0.3.0

40 239 166 0.' (4 0.466 1 40 AS.. 161 0.51t 0.466

In. He In. H8

4 267 169 0o.S4 0.632 4 263 165 0.431 0.638

5 293 170 0.547 0.190 5 209 366 0.534 5.?90

6 321 173 0.556 0.948 6 317 169 0.544 0.948

1 373 178 0.373 :.264 8 371 174 0.560 1.64

1 429 18 k201.859 .8 1 0s 426 3go 0.879 1.1180

12 479 14 " 0.592 1.595 12 480 185 0.5! 13,895

14 830 186 9.gq. 2.211 14 531 . 187 0,602 4.211

16 383 l89 0.608 . 2.5? 16 583 l8e 0.608 3.2i7

630 18 0.601 A."1) 0 107 107 0.344 0

103 101 0.331 0

. 3- . ---.
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Table 5. Continued

Specimen iOU.1 spac'men 100.i

p' ptL.t31 p"T I p'tuta3 Pcr
,1114 h " b in. HS b

0.0 144 144 0.J13 0.0 0.0 141 141 0.13 0.0

0.0 194 b62 0.393 0.053 0.5 85s 175 ). 38- 0.054

1 234 /09 j.451 0.106 1 2.5 290 0.419 0.101

2 283 134 0."0S . Z1268 239 0.481 V.24.7

3 3*0 246 0.513 3 312 Z38 0.S44 0.3ZS

4 356 z58 0.5 6 0.424 348 O.551 .433

6 415 '67 0.576 0.636 6 410 161 0.578 0.650

a 471 275 0.593 u,841 0 464 268 0. 0.866

10 5U5 279 0.602 1.059 10 SI Z69 0.593 1.083

!., 576 Z81 0.606 3.2711 2 566 271 0.597 1.299

14 S24 2o80 .6C3 1 .403 14 616 272 0.59 .6

16 674 LBO v.' ,04 1.695 16 667 273 0.:0. 3.732

t0o 773 281 u.606 1.839 Is 718 275 0.606 3.949

24 8/0 J 80 0.604 2.542 20 767' 275 0.606 2.165

0.0 J I332 332 0.285 0 22 816 Z75 0.606 2.382

24 865 275 0.606 2.598

0.0 135 135 0.198 1 0.0

- Specm.n No. 100.3-1 89C1 Sp1cirn No. 100.3-2

p ~ 0~ .. P., pc ptowa P.,cr c
In.. 3g lb lb In.l•H lb 1b

0.0 329 129 0.286 0.0 ...... ._ .& ..0 200 _0.44. . 0 ....

195 183 0.406 0.055 0.5 226 .s4 041' ,0.S

z16 191 0.4`3 0.109 1 247 2" 0.196 0.110

2 269 Zzo 0.488 0.218 2 281 23Z 0.518 0 .O

3 310 236 0.5Z3 0.327 3 317 243 0.542 0.329

4 339 241 0.534 0.41i 4 346 Aso j 0.SA 0.439

6 404 256 0.567 0.651 6 404 256 0.571 0.617

8 459 263 0.583 0.871 a 458 262 0.585 0.878

10 532 266 0.569 3.089 10 509 263 0.58 1.098

12 56S 270 0.898 1.306 it 560 265 0.599 1.317

14 616 273 0.603 1.524 14 611 267 0.8% 1.537

16 648 274 0.607 1.742 16 662 268 0.595 1,6

is ?73 275 0.609 1.7S9 Is 7710 i6? 0.5 1.971

20 7" a% 74 0.607 2.177 g0 761 269 .6k •

22 813 ITS 0.603 2.395 &2 t0o 269 0,0 .

24 B37 267 0.592 1.613 24 859 269 0.603 1.655

0.0 103 133 0.409 00
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Table 5. Concluded

Specimean?%. 100.4 2p Sp.men :40. 100.5

p Ptot pe1 Cf P. Ptal r lr PlnJ b Lb tn HS tb l
0.0 137 0.0 0.0 178 178 0.396 0.0

0.S 183 171 * 0.376 0.054 U-5 206 194 0.431 0.055

a Z16 191 0.419 O.t10 1 228 Z03 (1.451 0.109

2 267 218 0.479 0.216 2 270 221 0.491 0.219

3 309 235 0.SI6 0.323 3 309 235 0.523 0.325

4 346 248 0.545 0.431 4 34"0 Z.9 0.54 0.43?

6 40' 259 0.569 0.647 6 44S 287 0.571 0.656

8 463 267 0.586 0.563 5 460 264 0.567 0.574

:10 S2a 275 0.604 1.078 10 51 266 0.592 1.093

P 571 276 C., !.2-4 12 563 266 0.596 1.312

14 1L, Z78 0 A10 1t.509 t4 613 269 0.595 t .530

16 670 276 0.606 t.7Z$ 16 663 269 0.598 1.719

Is 720 277 0.605 1.94t Is 7t4 171 0.601 1.968

t0 769 277 0.608 2.156 20 765 273 0.607 2.186

at 816 275 I 0.604 2.372 22 523 272 0.605 Z.405

,4 1 e64 274 0.601 2.588 24 861 27t 0.603 2.624

0.0 1 36 136 0,299 0.0 0.0 149 249 0.332 0.0

Specimen No. 100.6 Specimen No. 100.7

P lptotal PC r Vcr P Ptotal Pcr FCC p
1r te lb lb in. HE lb lb

S 0 159 159 0.3&5 0.0 0.0 201 201 0.451 0.0

t' S 201 159 0.434 0.056 0 5 225 216 0. Ah 0.055

235 210 0.482 0.113 a 247 222 0.499 0.1 t0

2 272 Z23 0.512 0.226 2 266 23? 0.532 0.120

3 304 230 0.526 0.338 3 319 24S OSso 0.331

4 339 241 0.554 0.451 4 350 152 0.566 0.441

6 399 5 , 6 0.67 6 406 255 0.579 0.461

a 45S 259 0.595 0.902 5 459 163 0,590 0.882

10 506 260 o.S97 1.1ZB 10 ,,1 265 .3s 1-3.0oz

t2 ss5 260 0.S97 1.383 22 56Z 267 0.599 1.383

14 605 261 0.59 1.579 14 612 266 0.602 1.643

i 0 656 :6.1 0.602 1.s11! 16 661 267 0.199 1.7T4

1$ 705 262 0.602 2.030 1t 712 269 0.604 1.184

20 755 263 0.604 2.256 g0 ?S7 270 0.606 2.205

24 051 261 ,.1M Z.707 22 111 270 0.606 2.415

0.0 12? 127 J 0.292 0.0 14 857 267 0.599 1.6446 j

0 .0 I t s 1 13 1 .4 1 1 2 0 .0
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Table 52. Physical Characturi~rtics of Tlest Specimnens

'Specimen
Nunbe r t(inch) E(koi)' Remarks

20.1 0.002 759 Cerrobend

Z0. 2 I700 Cerrobend

20.3 737 Carroband~

20.S 745 Croo

20.65 0.002 -7 734 Cerrolow

30.1 0.003 1711 C-!rrobsnd

30.2714 Cerroband

30.373Z Cerr-bend~

30.4 1764 Corrobend

30.6 7653 Cerrol.ow

30.7 780 C rrulow

30.8 0.003 803 Cer.~o

50.1 0.005 73Z Cerrobond

ScO .Z 731 Cerrobemna

'.0. 3 ~739 Crojn

50.4 F 39 Cerrobend

50.5 7Z9 Corrolow

"A 742 Carrolow

50.7 7Z? Cerrolow
50.5 .0 744 Carrolom'
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Table 5a. Concluded

Specimen
Niumber t~inch) E(kei) Remarks

*79.1 0.0079 810 ICerrobend

79.Z 769 Cerrobendl

*79.3-1 81.4 'Cerrobendi

79.3-2 816 ICerrolow

79.4 766 Cerrolow

79.., 765 Carrolow

79.6 / 794 Car rolo

79.7 0.0079 794 Cerrolow

100.1 10.01C 739 Cerrobend

100.3-2 719 Cerroband~

100.3- 723 Cerrobd

100.3-2 713 Cerrolow

100.4 726 Cerrolow

100.5 716 Cerrolow

100.6 61;4 Cerrolow

100.7 0.010 710 Corrolow
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Table 6. Critical End Shortening of Pressurized Mylar Cylinders under

SpC..,1.- I4ý. 00.4 sp.-',~ N~. 20A

Cr rr C, p 11 cr -P

1.0 06 01 0.0 0.0 U.45~ '.21 0.0 0.0.
0.04 1. 0( 01.0: 0 003 0.019 1.00 0.0W 0.04 0.001

0.079 L40 0.10 0 (I 0.006 0,077 1.35 1.(4 0 Q1 0.006

0. 1:4 :; ;; 0.1 0.0 0.116 1.40 ).30 0.0 0.009
0.156 11.040.0 .: .tS S 0.19 0.01 0.012

0.9 :.70 0.42 0O 0.0 6 0.194 1.65 0.41 0.0 0.0 r
0.Z96 19 0.481 0.0, .01 0.001 0.90 0.4, 1 0AI .013

0.394 Z..0 0 s0 0.9 0.0 .168 0.00 0.90 0.11 (.0)]
0.9 .0 0.0 0.06 0.109 0.419 C 10 0.90 0 II 0.010

0.0911 COO 0.0 0.07 0.047 0.S00 0.00 0,16 0.04 0.044
ýc,491 0.00 0.56 0.06 0.000 0.679 1. 1.3 0.08 0.06 0 094

7.109 04 0.0 0.09 11.063 V.170 5 0.40 0.60 0.06 1 0.061
I0,986 O j 06 1.. 0.0( 4.96' 0.50 0.61 0.97 0.0 77

.184 C 70 0.40 .. 4 0.094 M.6 0.70 0.69 .1Z 0.091
1.341 1.00 0.76 0.16 b .110 1.157 1805 0,7Z1 0.1 -. 19#
L.s7 I 1 .Is 0.7?9 0.1 OCI1.0 1.00 0,70 ýC"4 01I170 1.00 0.40 0.24 0. 41 "1.4 1.1 0S 0 ,1
1.973 040 0.90 0.11 4.I1;! 1.948 0,40 C.4 0.18 0.114

0.167 4.4. 1 00 0.45 0.164 2.316 1 90 0,94 0I.8 0.185
0(.16 47 1.6 .0 0. 219 9.714 1 4.4S 1. 11 0.10 0.010

701 1.0 0.2 0.0IS0 1.1 01 0.0 I 0.469 0.046

;.SS1 6.10 1,0 0.0 Co . 16 . ..40 I.7 (..4 .. 4 0 .07
,94S_ 6.70 1.60 (.08 3.47_ _ 6 6.98 168 04 0.008

a*.com.n N.. .0.61

A Lr I -e CC

10C. C, 1,II

0,0 00 vs 0.01 0.01 0.0
0.U19 1.10 I 0.07 0.0 .0

0.1 C11.1 00 0l .0

0.108 1.00) C 10 0,0 0 all

9 .116 0..4 0.04 0.010

.-4,91 .9S 0.49 0.06 ).I)V
0.090 0,00 0.10 0.04 0.047

0.6190 A.41 06 0.4 0.061

0.787 A o1 0.40: 9.017 0IO&4a

0."84 0.71 0.6v 0.17 0.078
1,0 2.60 0.70 8.06 0.094

0.7 .80 1 0.70 0.16 0.08M

1.874 0.00 0.0 .48 0 (01
1.770 0.40 1.85 8.A1 0.141

;.%61 0.0 09 .18 0.166

0 141 8.00 1..1 0.40 0,117
2.784 4.60 .06 0.9i 0.109

.1 to 1.44 6811 ~
S 6.40 L".6 0.99 J.41
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]Cable 6. Continued

Sp-m-•, No. 30. 5 Sp I..o. No. 00. 6

a AL I ~ r pp &L, IN -
Cr Cr I i7 cr c- Cr Cr

0.0 1.80 0.30 0.04 0,0 0.0 4 0.3 004 0.0

09042 .00 0. 33 0.0 0.040030.041 2.80 0.30 e, Gs 0.004

.00 0.07 0,o038 . 0. 3.0 000 o.,

0. 16$ 2.35 0. 19 0.0 0.4015 0.164 2.30 0 .I 0.03 0 A15

- .0S 0.42 0.01 0.00) 0.146 3.60 0.43 4.05 0,021

0. 3 3.5 6 90 0 . Os 0.030 0.321 3.80 0.47 0.07 0.010

0.419 3. 10 00 52 O,07 0.039 07410 3.00 0.50 0.05 0.037
0. 503 3. as 0. 54 O, O7 0.04. 0. 492' 3. as 0. 54 O... 0 045

0. 50) 1.40 0,.57 0,0 0. 053 0. 574 3.40 0. 17 0, 075 O 052
0 , 671 3.60 O,.60 0 09 O, 061 . 655 3. SS O. 59 O,0. CI O. 060

0.,755 3. 70 0.62 0. To 0.,069 0 737 3 6S 0.61 0.09 0.067

0 630 3. 85 0064 G. 11 0.076 0,819 1. AS 0. 64 0. 1 0.074

1.006 4. IS 0.69 0. is 0.091 0.983 4, 2 00 0. 4 0. n09

1. 174 4.30 0.72 0. 17 0. 107 1. 147 4.45 0.74 7.06 0.104

1.341 4.70 0 74 0. ZI 0. 020 1.311 4.80 .0 0,01 0. .19

I.309 4.95 0.82 (0.25 0. 137 I, 475 ..00 0.685 j 0.29 , 134

1.677 $. is 0.86 0.27 0. 152 . ..

10.4 IN S 0.89 0.29 0.168 0803 0.60 0.94 0.34 0.064

2 -0 6.-5 1.0, 0.42 0.0198 .130 6.20 1.04 0.49 '.094
(.1 0.09 0.58 0. 29 2.450 6.95 1.16 0. SS 0 .023

5. 1 34 0.7 11 7.0 .9S 79r, g I .1 253
9.00 0.0 U 0.390 003 87 .6 u8 .8113 47 . 46

0 , 0. 0.16 008 0.320 3.441 9.80 0.61 0.00 0.333

Specime No. 0.

e, I C¢r I , ""crX'O" $l IA.•

0.0 0.80 0.30 7. • 0.0

0.042 . is 0 36 0.04 0. 004

O0.01 3.30 0.37 0,04 0.007

0. 164 3.68 0.44 0.06 0.015

0.148 0.95 0.49 0.09 (0.023

1 114 , ". 0.92 1.04 0.030

0.411 3.43 0.57 0.00 0.037
0,49 3. 09 0.0 0. 0 0. 041

0.16 0.68 0.61 . 01 0. 003

0.68 3. 78 0.61 0,00 0.060

0,740 3,&1 0.61 0.11 0. 067

0. on 3.9s 0.66 0. 14 0.01

O. 8l 4.43 0.73 0. 19 0. 09

1.180 4.70 0. 78 0.23 0. 00#
0I.306 8.80l 0.80G 01.8) .030
0.480 0.04 0.804 0.2'6 0.036(

0,(648 8.08( 0.8I9 0.340 0.0804

0.88 8.88J( 0. 92 0,03( 0.0164

3.03(8 6.3 0.06I 0.4, 0 ,094l
1.46? 6,7 0I.3 1 0, g0.4

1. "9 7.10 0.3 0.66 0.184

3I'll8 8. 10 I.45 0.83 0,06

3.484 9.60 1.60 0.9 0.04
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Table 6. Contirsoed

Sp.-i- .. No. .0.4 sp.cini_ No. 50. i

.i., C" " acr 'cr= C? r

10 i3 In. 10, In.

.0 6.85 .02 00 3.00 0.60 0.02

).250 3'.,00,.3.5 0.36 0.00 .0.30

3.45 .6 7b4e 0.70 0.o3 0.0.e
0.094 0.?0 0.0 .0 0.010 o.09S 7.15 o0.76 0 0.010.4 6.5 0 0.09 0.o.0 1.150

410 0.41 0 0.013 .440 0.44 0 0.01

O.4.55 0.46 0.0 0.120 0.19 4.95 O.SO 0.0 j 0.020
0.so 4.95 0.$0 0.02 0.027 " .15 1 S30 0.53 0.02 C.02?

SAS1330 0.30 0.03 0,034 0.317 33.70 0.34 0.58 0.033

"0.900 1".80 0.34 0.07 0.051 0.477 3.70 0.7 0,0 0.091
3. 6.30 . .104 0.00 3. 7.05 0. 0.0 0.o30

3. 94, 0.6 0.14 U.084 0.?0 0 6.Z3 0.61 OA. 0.065

0.633j00.25 00.72 6 OA.S 0.O10 3.9s) 6.65 0 0.06 1.0 .SL 1

S+ o Al. + oFl o o
. 4 | .60 | 0.76 | :!A.$ 0.11 0 .09 0.0.3 O.t O.0

1.1I1 ..I00 0.4 0,.0. 0.033

1.."7 ...7 0.47 0,0.1.0

1..45 .75.5 0.4 i 0.03 0.?0 0 .7 i i 0.16

,031.09 33.10 i 5.01 0.3 3 1. 007 ii.5 ,.iS 0.38 0.105
0.4? 10.. 05 1.54 0.4 O.2 1.903 10.7.
0.o6 0.76 0.58 0 4 •: ..,.o:7 ,., 0.20

"0.'3 6.8 0.6 0.6 a.0
1.111 7.30s :1 0.73 0.3 0 7 .303711

..,1..1.04" 6.06 0 8. 0 . -4

Z.4.6 ::""O 0.7 .00 17.0 0.36.19031
M9 193.6 4 101 9.63.36 6.00.30 0.343

.61 1 96 9 0 . a . 3, 1.,39 0..1

5picli- No. 06

-T L-r a et |r i crl

10' 3 In.

0..3 0.34 0 0

I.0 4.00 0.45 0 0.010.061 4.11 0.40 P.C. 0.30,

0.4ii 9.6 .944 0.01 0.010

31, 4 .So.0 0.049 0.01 0.013
lo1? I -. ? 0.47 0.0I 04010

O.141 4.95 ý.49 O.01 0.017

,3111 1,01 0.51 0.02 01036

0%.1 .SO 0.55 0.03 0.O60

.681l 1.70 OAI 0.04 O.047

O.'PO 6,,e o0.41 OMO 0.094

40,01 7.310 0.J1 0.00 O,117

0.O09 ?. m 0.? 0 0.13 4II

A.? ."O 0.87 0.1? O.159l

9.4 .16 0.f 0.31 0.111

1.110 It."O 0IM OAl 0.Ui

Iall 111.j IAA1 IM.l 0.l

i~li li~l I 1l i4 O.lil

I ~ ~ ~ ~ ~ ý" 7.i1. ., "I
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0
Table 6. Continued

SSpe en 79. 3- pe.nen 79. 3-2

AL 8 .07 .3 . -o [ -L- ___ _-
CrI"1r n.r10 -3 1.C

o 0.33 0.06 3 0 6.0 0.39 0.03 0

0.029 5.8 O.37 0.06 0.004 0.023 6.7 0.42 0.01 0.303

0.057 ý.7 0.42 0.06 0.007 0.051 7 . 0.46 0.03 0.007

u.: 14 7.3 0.46 0.06 0.014 0. 114 7.6 0.41 0.01 0.014
0 .171 7.4 A 0.48 0.05 0.02 1 0.170 7. ? 0.50 0.02 0.0 1 1

0.005 7.9 0 "0 0.04 0,029 0.2,7 6.2 0.02 0.03 0.025

0.34' 9.0 0.57 0.08 0.043 :.340 5 0.54 0.02 0.043

0.454 9.9 0.o3 0.53 0.097 0.454 0.6 0.56 0.33 0.057

0.638 10.4 0.66 0.12 0.07B 0.61S 9.5 0.60 r.9s 0.077

0.7?3 113.5 0.73 0.10 0.097 0.769 30.0 0.65 0.50 0.096

0.,,, 31.5 0.05 0.19 0.316 0.0 35.4 0.7, 0.16 0.116

1.007 30.2 0.84 0.26 0.355 3.004 0.05 0.07 0.54

1.546 15.3 0.97 0.39 0.194 50 5 3.00 0.41 0,31 i3

1.155, is.3 .1.6 0.56 0.33 1.846 57 .30 0.02 0.132

2.165 20.5 1329 u.o8 0.2171 0.54 25.0 .010 0.72 0.070

1.474 24.7 1.06 0.96 1.3 10 1. 0S.2 .60 3.00 0.309

.7( ?',.4 .56 13.25 0.349 .7..7 00 . 1.00 1.30 0,347

..091 004 24 1,64 0.306 '.077 04.9 0.01 ,62 0.3M6

401 4 1.: 2.60 L441 0.42 2.314 4.56 1.99 0.425

Spocinse No. 79.4

10" 1n..

0 0.9 0.37

0.0:4 6.3l 0.05 0400 1
0.0.0 6.7 0,40 0.04 0.008
0.301 7.0 0.44 0.04 L0.03

0.15l 7,4 0.47 0.01 0,03

0.041 7.9 0.,0 0o3 0., 30

0.3 0 5.7 0.05 0.34 0.45

0.441 9.0 0.51 0.07 0.040

0.1:4 50.2 0.45 0.11 0.081

(.11T 35.0 0,72l 0,27 0.300

0.911 30+ 3.78 0.03 '>520

1.30l 15.7 0.57 0.19 0.164

5.616 15.4 0.99 0.4 0.00

5.940 19.3 1.00 0.4O 0,142

0.1639 3.2 5.49 0.55 0.081

"a.4t5 05.0 5.75 3.57 12 .309
1.945 09,8 1.51 15,0 5.349

3.10 34t.8 1.46 1.59 0.4. 0

W .,
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Table 6. Concluded

Specim-r No. 100. >o - Sp--rno No. 11)0.4 _ __]

0.055 0." 0.48 0.0 0.007 0.054 SA4 0.ý41 00.004 00.,007

0.110 9.9 0.50 0,0 0.015 0 .10# 91) 0.46 0.04 0.0io

0.01)0 10.0 0.04 0.01) 0.01C 0,1)16 t0 4 0.00 0.04 0.0Z1)

0.219 10.0z 0.06 0.01) 0.040 ( 121 10 It 4 0.0' 0.0, 0.044

0.439 11.8 0.09 0.0) 0.0be 0.41) 10.0 0.6) 0.07 0.000

0.60s7 10.8 0.64 0 07 0.0 89 G.047 100 I 069 0.0 1 0.080
0.671 14.6 0.70 0.15 0.119 0.863 00.6: 0.70a 0.19 0.7

1.098 16.0 0.00 0. 1)4 0,149 1.070 6.0 0064 0.04 0.144

,0)7 0 J.8 0.94 0.0 071.94 09.0 0.96 ;A 0 0.176

0.007 00.: L.07 0.47 0.00Io9 0.9509 1)1.4 0.0 041 0.01)0

0.706 114 IT 0.07 0.000 1.71S 00 4 0.07 006 0.804

1.976 Is0.$ . 09) ' ) 71n, .

.090 )0.4 0.0t 0.11. 0.2911 8.5 21 .0 .4 0.18 0.090

0 41, 106A 0,00 0.08 0.8 1.70 0. 0,9 .0 0.?

1. 0'. 01.6 0.90 1.,11 1,00 1:00 084 .0 00 .0

7 ~ ~sp.c-n-. N- 70.05

0.0 1.1) 0 41 Q.01 0.0

0.0 5 S 0 .0 0 .4 10 1 . 0
0. M0 9.6 04 0.00 0.0)0

0 001 001,0 0.84 0.00 0.0'0

0.008 00.1, 0.00 0.06 0.040

0.407 00 0 61 0 000 0.0%99

0.656 14.0 0.70 0.1) 0.1089

0.074 00.0 0.79 0.00 0,00 I

1.090 07 4 0.110 9.05 9.040"

,.M it 19 8.9% 0014 0.0.6

0.500 00,8 0.00. 0.44 0,100

0.749 00.8 0.06 0.66 0.11?

0.40 080 .00 0.70 0,867

0: 06 10 .49 C06s 0.410

0,408? 1A 00, 0.77 0.0 0
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S
Table 7. Experimental Data for Minimum Stress Coefficient for

Pressurized Mylar Cylinder@ in Axial Compression

Specimen No. 20.4 _Svec!men No. 20.5 Specimen No. Z0.6

'P in 6Mm n P mn n mm in P m n r mi

lblb lb

0.040 3.2 0.174 0.039 3.2 0.171 0.039 3.3 o.!79

I.079 0.7 o.0ol 0.077 3.9 0.208 0.0,8 4.0 0.218

0.118 1 4.1 0.223 0.116 4.3 0.230 0.118 4.4 0.Z39
0.158 4.8 0.61 0.155 4.8 0.257 0.158 4.9 0.266

0.197 5.3 0.Z88 0.194 5.5 0.294 0.197 5.5 0.299

"0.296 5.9 0.321 o.Z91 6.2 0.332 0.195 6.z 0.337

0.394 6.3 0.343 0.388 6.7 0.358 0.394 6.7 0.364

0.493 6.8 0.370 0.485 7.3 0.390 ý.49 7•.2 0.391

0.592 7.4 0.403 ' 0.582 7.6 0.406 0.590 7..5 0.407

0.691 7.8 0.425 0.679 7.9 0.423 0.68:. 7.9 0.429

0.789 .8.1 0.441 0.775 8.1 0.450 0.787 8.1 0.440

0.986 8.7 0.473 0.969 8.8 0.471 0.964 8.8 0.478

1.184 9.4 0.5311 1.13 V.4 0.504 1.180 ý.4 0.511

1.3b1 9.- 0.528 1.357 9.8 o.5Z5 1.377 9.7 0.526
1.578 10.0 0.545 1.551 !0. o.0,I 1.574 10,0 0.544

1.775 10.3 0.560 1.744 10.4 0.557 1.771 10.2 0.54

!.973 10.5 0.571 1.938 10.6 0.569 1.967 1u.4 u.%65

2.36.7 10.6 0.577 23Y 6 10.8 0.579 z.361 10.6 0.576

2.762 10.7 0.562 2.714 11.0 0.589 Z.754 10.6 0.587

3.156 10.8 0.386 3.101 11.1 0.594 3.148 10.9 0.592

3.551 10.9 0.593 3.48) 11.2 0.600 i.-41 11.1 0.6U3

3.945 10.9 0.593 3.676 1!.Z 0.600 3.935 11.1 0.603
_____I____ ____ |. . -
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Table 7. Continued

Specimen No. 30.5 Specimen No. 30. 6 Specimen No. 30. 7

P m in • m in T5 P m i 7 m i mi n imm m " rin rni mm u

Ilb lb lb

0.0 5.4 0.125 0.0 5.2 0.118 0.C 5.3 0.120

0.042 8.3 0.192 0.041 8.3 O.1881 0.042 8.2 0.186

U. 084 10, 7 0. 248 0.082 10.8 0.244 C. 082 10.8 0. Z4,

0. 168 12.6 O. 292 O. 164 12.6 0. 285 0. 164 13.4 0.304

0. 252 14.0 0. 324 0. 246 13. 7 0.310 0. 248 14.6 0. 332

0. 335 15.5 0.368 0. 3•2 15. 5 0.350 0.329 16.2 0.368

0.419 1. 8 0.389 0.410 16.8 0.380 0.411 16.7 0. 379,

0. 503 17.4 0.403 0.492 i7. 3 0. 391 0.493 17.5 0. 397
0. 587 18 2 0.421 0. 574 18.3 0.414 0.576 18.6 G 4Z2

0.5671 19. 1 0.655 18.7 0. 423 0.658 19 6 0.445

0. 755 19. 7 0.455 0. 737 19.4 0.439 0.740 20.0 0.454

0.838 ZO. 7 0. 479 0. 819 20.6 0.465 .OZ.. ZO.6 0.468

1.006 21. 7 0. 502! 0.983 z2. .435 0. 987 2i. 7 0.493
1. 174 ZZ. 6 0.523 1. 147 22 6 0.510 1. M 22. 7 0. 15I

1.342 23.2 0.548 1.311 23.1 0.521 '1.316 23.0 0.522

1. 509 23. 7 0.348 1.475 23.9 0.540 1.460 23.5 0.534

1.677 Z4.4 O.564 11.650 24..5 0.534 1.645 24.3 0. 551

1.845 24.7 0.571 1.03 24. 7 0.558 1.809 24.6 , 558

2. 160 25.2 0.58.' 2. 130 25.4 0.574 Z. 138 25. 1 0. 570

2. 516 25. 5 0. 591, 2.458 25.7 0.581 2.467 25.6 0.581

2.860 I25. 0.596 2. 785 26. 1 0.590 2. 7"6 6.2 0.595

3.186 Z5.9 0. "9 3.113 26.2 O. S9Z 3.125 36.5 0.601

3. 522 25. 9 0. 599 3.441 26. 2 0.592 3.4;4 26.3 0.597

I
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Table 7. Continued

ISpecimen No. 50.4 1 pcmnNo. 50. 5 Specimon No. 50.6j
5in un P min 'min min mini

lb ,lb I b

0 13.5 0.117 14.0 0.122 o0 13.1 O.V3
0.031 20.5 0.177 0.032 21.4 0.187 0.031 16.8 0.144

0.062 24.4 0.210 0.063 23.8 0.208 0.062 Z1.2 0.182

0.094 27.9 0.240 0.095 26.6 0.232 0.093 23.8 0-1

0.125 29.8 0.257 0.127 28.9 0.252 0.124 26.1 0.224

0.186 31.9 0.275 0.190 31.7 0.277 0.187 31.1 0.267

0.250 34.4 0.297 0.254 34.3 0.300 0.249 34.5 0.296

0.313 17.1 0.320 0.317 34.8 0.304 0.311 36.7 0.315

0,469 4Z.8 0,369 0.475 41.3 0.360 0.467 41.9 0.359

0.6Z5 47.7 0.411 0.634 45.8 0.400 0.623 47.5 0.406

0.782 52.4 0.45! 0.792 50.9 0.444 ..Thi 53J.6 0.460

0.938 54.9 0.473 0.951 53.4 0.466 0.934 55.4 0.479

1.094 57.8 0.498 1.109 56.4 0.492 1.090 60.4 0.515

1.251 61.2 0.528 1.268 60.2 0.526 1.946 61.0 0.524

1.483 62.3 0.537 1.503 63.9 0.358 1.477 65.9 0.564

1.695 67.5 0.581 1.718 65.0 0.5s8 1.648 67.6 0.580

1.96 68.1 0.587 1.933 65.3 0.570 1.899 67.4 0.579

2.118 68.8 0.593 2.147 68.0 0.594 2.110 67.9 0.582

2.54? 69.8 0.601 2.577 68.6 0.599 .5333 69.4 -)..595

z.966 69.9 0.603 3.006 68.8 0.600 2.954 68.6 O.Xg

3.389 69.8 0.601 3.436 69.0 0.60Z 33.76 69.3 0.594
3.813 70.1 0.604 3.865 68.4 0.597 3.794 70.2 0.603

Ij

-W
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Table 7. Continued

Specimen No. 79.3-1 Specimen No. 79.3. Z Specimen No. 79.4

P Pmin i min P min imin P mnin Fmin

lb lb lb

0 41 0. IZ9 10 39 0.123 0 38 0.127

0.029 57 0.179 0.023 54 0.170 0.024 49 0.163,

0.057 69 0.216 0.057 67 0.210 0.060 61 0.Z03j

0.114 8. 0.254 0.114 78 0.245 O.2I1 13 0.243;

0.171 90 0.283 '0.170 87 0.273 0.181 87 0.290

,.Zas 100 0.314 0.227 95 0.298 0.241 91 0.303

0.342 112 0.352 0.340 109 0.342 0.36Z 106 0.353

0.406 1.3 0.387 0.454 119 0.374 0.482 118 0.394

0.618 138 0.434 0.615 133 0.418 0.654 133 0.444

0.773 149 0.461 0.769 147 0.461 0.617 141 0.470

0.928 15 S 0,496 0.923 153 0.481 0.961 145 0.483

1.237 170 0.534 1.231 165 0.528 1.301 160 0.533

1.546 177 0.556 1.538 178 0.559 1.ý35 166 0.554

1.855 186 0.584 1.646 182 0.571 1.962 173 0.576

2.165 189 0.594 2.154 186 0.584 1.269 177 1.590

2.474 188 0.591 2.461 188 0.590" 2.615 177 0.390

2.783 18 0.591 2.769 109 0.594 2.943 177 0.59

3.092 3.077 3.269

3.401 3.314

0I

- ~- - - - - - - ~ - - - k-
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Table 7, Concluaed

gsit. g o. io3- SDvec an No. 100.4 Spec,. euio. 100.5

Pmn rmin P min irainb Prn nIb lb, lb

0.0 58 0.130 0.0 62 0.136 0.0 59 0.131

0.055 89 0.199 0.054 99 0.217 0.055 90 0.200

0.110 104 0.232 0.108 109 0.239 0.109 109 0.242

0. 20 127 0.Z84 0.216 131 0.288 0.219 133 0.296

0.329 143 0.320 0.3Z3 149 0.327 0.3A8 154 0.342

0.439 160 0.357 0.431 171 0.375 1 0.437 167 0.372

0.657 1eo 0.416 0.647 204 0.448 0.656 196 C.436

0.678 ZIO 0.469 0.863 221 0.445 0.674 Z15 0.479

1.098 221 0.494 1.076 232 0.510 1.093 216 0.506

1.317 Z34 O.SZ3 1.294 243 0.533 1.312 137 0.517

1.537 247 0.551 1.509 250 0.549 1.530 147 0.550

1.756 Z52 0.563 1.7M5 255 0.560 1.749 153 0.563

1.976 155 0.570 1.941 261 0.575 1.948g 256 0.70

2.196 261 0.531 Z.156 Z65 0.56 Z 1.6 164 0.517

Z.415 Z61 0.503 2.37Z 266 0.!.44 1,405 266 0.5%6

z.635 26a O.bd5 z,560e 265 0.5M 2.624 264 O.S07

-
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VII. PRESSURIZED TRUNCATED CONFS UNDER AXIAL
COMPRESSION

Theoretical results for simply supported preasurized conical shells

under axial compression (Reference 31) show that the axisymmetric bucki-

ing coefficient is a function of an internal pressure parameter and of a

parameter containing the semivertex angle and the ratio of the small

radius of curvature and the wall thickness. For sufficiently large pres-

sures; i.e., for

2' (RI/O
', - 3(l-v 1 i1.-j , (8)

the total axial load carrying capacity of the conical shell is given by

3 - 11(l + Y) + 1.05 1
Et cor a

where

S2(l- v,)j RI/cooa cota

Calculated buckle patterns indicatt that as the pressure increases the

buckle deformations become confinuac to the small end of the cone. since

this is the only part of the cone in cornprýas.ion.

The experimental results obtained from a relatively sra.W! number

of tests investigating the predlcA.td increase in net load carrying capacity,

based on the .mall cross-section of the cone, are given in Tabte i anu

are compared with theoretical calculations in Figure 27. It can be seen

that the D'fedictionh of the small-deflrecio, theory are qualitatively veri-

fied. in that cones witk lower values of the geometry parameter Lappear

to yield larger net buckling load ct etricients as a function of the pressure
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parameter and, for sufiiciently large preas,•cs, the buckling load

coefficients increase linearly with pressure. It will be noted that in many

Lase- the net buckling load coefficient is larger than the theoretically

predicted value. The theoretical values are suspect, however. Since the

buckles occur very close to the small end of the cone, it can be expected

that a rigornus analysis, taking into account the clamped end condition and

the variation of the meridional streps from that giver. by membrane theory

and experiment is not very serious, however; therefore, the present

the%,retical valu,.4 can be used as an estimate of the load carrying capacity

of conical qhells for values of the pressure parameter greater than unity.

The obsrr,r'd buckle patterns (see Figure 28) vary with ineprnal

pressure in a manner ,.'nilar to that for cylinders. It follows then that a

comprehensive experimental program should include an investigation of

the effect of the ratio of the small radius of curvature to the wall thick-

ness on cones having given values of the geometry parameter C.

I1 is also obvious from the results that the stress state becemes

plasti, :1-:, r the ends of the bprcimens under suf.cciently high pressures,

as in6!cated by the drop-off in net buckling load for some upeciirens.

Thus, 'he benefits of pressurization are limited by the ons*, and of,,.-L

of plasticity, which are dependent on the plastic behavior of '..e particular

material used. The test results of Reference 6 for high strength stainless

steel specimens are in good agreement with those of the preema rep=rt.

hut do not cover a large enough range of pressure to verily the theoretiLal

increase in net load carrying capacity over that for the cylinder for large

press.r,.s. It has been noted, however, both in the present results •,d In

those of Reference 6. that cones Appear to be relatively stronger than

cylinders in th- low pressure ran#e. The results of Reference UZ appear

to be considerably lower than those of the present paper. It is difficult to
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-ffect a direct co-ripaijoon since the test reotitts tabulated in Refc~rencz 32

contradict the rewults given %.raphically. Since the load level never reached

the theoretical value, even at relatively high pressure, the cones are con-

cluded to have been of inferior construction.
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Table 8. Experimental Data for Pressurized Mylar Cones under Axial
Compre• sion

P -WR3 IR P /Mo 2 PR IR 1 /tooat RI E I.
(in.) (in.) 4 (pei) Cwt Cog a toLo

a() a a ZO°

0.005 Z. 18 11,600 693,000 0.229 0.000 0.565 0.560
0.275 0.031 0. 602 0.62Z
0.310 0.062 0.61S 0.684
0. 32 O.093 . 0.630 0.746
0.464 0.124 0.4"S 0. 67
0.468 O.156 0.4657 0.47
0.475 0.187 0.675 0.93)
0.493 0.21a 0.696 0.995
0.496 0. 249 0. 69 1.05O
0.496 0.260 0.715 1.119
0.505 0.311 0.7Z$8 1.4Z
0.5!S 0.342 0.730 1.244
0.521 0.373 0.746 1.306
0.536 0. 404 0.7s1 1.%30.550 js 0.435 .7., 1.431
0.557 0.467 00.756 1.493
0.564 0.496 0. 7T. 1.555

0.005 2.17 11.500 704,000 0.193 0.000 0.526 0.664
O.236 0.030 0.543 0. 724
O.261 07060 0.560 0.765
0.281 0.091 O.59 0. 845
0.287 0.121 0.561 0.906
0. 306 0.151 0. 591 0.944
O.3,2 0.101 0. 59S I.026
0 . 339 0.211 0. 612 a1.087
0.354 0.241 0. 629 1.147
0.368 0.272 0.636 1.110
0. 378 0.302 0.647 1. 28

. 393 0.332 0.6551.326
0.413 0.3642 0.66"7 1 1.9
0.424 0.392 O.J69 1.449
0.436 0.422 0.85 1. 509
0. 450 0.453 0.707 1.40
0. 465 0.483 0.732 1.811
0.486 0.543 0.730 1.964
0.507 0.603

0.005 2.89 .0.300 697.000. 0.217 0.000 0.657 30O5

0.387 0.054 0.675 1.194
0. 427 0. 1" 0. 68 1.300
0.410 0.16Z 0.701 1.411
0.409 0.217 0.712 3.519
0.445 0.271 0.7T7 1.424
0.412 0.326 0.1734 1.737
0.399 0.360 0.7f; .6S4
0.460 0.434 0.751 1.?S3

0.546 0.543 0.770 -i.171
0. 56V 0.597 0. 74 2. i79
0.579- 0.651 0.791 -.2. 8
0. 59 0.70 O. 119 a.494
0.603 0. 70 0.796 2. W0&
0.616! 0. 81C 0.794 L713
0.615, 0 . 0.765 2.96$
0. 049- 0.977 ;

I
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Table 8. Continued

R P - wR"~' I zp /1 Cos 0 I P-WRsa R I /os6',(in.) j(i,.) j ____ ___.__ iz,,'_O't ao~ ,Jj•"T'- __________
1a) a u 20z

0.005 z.93 15.600 700.000 0.Z76 0.000 0.646 1.001
0.366 0.0o6 0.675 1.113
0.407 0. 110 .691 1.1Z4
0.429 0.167 0.711 1.33S
0.466 0.223 0.714 1.446
0. 502 0.278 0.734 I. SS
0.514 0.334 0.7S1 . 668
0.528 0.3S9 0.7S, 1.780
0.550 0.445 0.769 h.891
0.553 0. 501 0.705 1.114
0.566 0.S56 0.791 Z.225
0. 580 0.612 0.804 2.334
0.594 0.667 0.80S Z.448
0. 594 0.723 0.813 2. 59
0. 599 0.779 0.808 Z.670
0.615 0.034 0.004 2.701
0.626 0.890

0.005 1.46 8,260 704,000 0.289 0.000 0.421 0.220
0.377 0.014 0.426 0.247
"0.409 0.027 0340 0.27S
0.410 0.041 0.451 . 302
0.421 0.05: 0.461 0.330

0.426 0.069 0.479 0.357
0.430 0.082 0.489 0.385

0.438 0.096 0.506 0.412
0.438 0.110 0.509 0.440
0.425 0.124 0.514 0.467
0.429 0. 124 0.517 0.495
0.434 0.137 0.554 0. S2
0.430 0.3 51 0.566 0.549
0.429 0.165 0.573 o.S77
0.423 0.179 0.581 0.604
0.413 0. 192 0. 574 0..:z
0.412 0. 112 0.580 0.660
0.419 0.206

0.005 2.93 15.600 700.000 0.216 0.000 0.637 0.879 "
0.451 0.055 0.653 0.989
0.495 0.110 0.6"9 1.099
0. SI4 o.165 0.674 1.209
0.532 0.220 0.679 1.319
f5A57 0.?75 0. OW." 1.4.8
o.565 0.330 0.699 .,
0.574 0.385 0.714 1.648
0.584 0.440 0.721 1.758
0. ý4 0.494 0.727 1,867
0.605 0.549 0.738 1.978
0.612 0.604 0.746 2. 068
0.623 0.b59 0.747 2.19•
0.621 0.714 0.753 2.307
0.622 0.769 0.769 . 437
0.627 0.824
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Table 8. Continued

"a., 7,__L,0 I
(b) .30

0.0101 , 690000 -0.,76 0.000 ! o.zo.S0.42) 0.0506 0.520 0,168s

0.412 0,010 0.53 01 6.
0.430 0.00 0.154 0.499
0.45) 0.009 0.53, 0.329
0.469 0.1.. 0.55* O. 3
0.4821' 0.149 0.545 0.3
,.494 0.179

00101 2.56 1770 690.000 0.240 0.000 0.230 0299
0.420 0.030 0.141 C.UPS
0.421 0.060 0.550 0.3"5
0.431 0.059 0.563 0.59
0,4q3 0.229 0.575 0.429
0.456 0.149 0.513 0.445
0.4V9 0.279 0.595 0.45

0.S06 0.339 0.602 0.535
0.SZO 0.161

00200 2.56 1790 690,000 0.4551 0.000 0.673 *.-.isS0.564 0.3,5 0.63 0.9"4
0.632 0.5)) 0.56) 1.044

0.683 0.691

0.0100 1.56 1790 690,000 0.D59 0.000 0.553 0.339
0.362 0.030 0.564 0.359
0.375 0.060 0 970 0.3"9
0.401 0.059 0.554 0.419
0.438 0.2,9 0.190 0.440
0.455 0.250 0.604 0.479
0.477 0 0.160 0.60? 0.599
0.494 0.210 0.616 0.535S0.522 0.3)i9 0.6)3 0.599

0.524 0.269 0.635 0.6"2
0.542 0.29"

0.0095 1.57 2090 69f).000 0.415 0.000 0.730 0.50
0.451 0.01 0447c . ".D10
0.153 0.178 0,741 0.031
0.556 0.166 0.750 2.061
0.596 0.356 0,.:7$ '."1
0.636 0.445 0.732 2.3S?
0.666 0.62) 0.705 I2.43
0.?05 0.311 0.6732 I.

0.0075 1.32 2010 799.000 0.327 0.000 0.411 0.0951
0.328 0.005 0.414 0.203
0.351 0.020 0.416 0.114
0.3I2 0.016 0.421 0.124
0.367 0.033 0.432 0.134
0.365 0.026 0.442 0.145
0.372 0.032 0.450 0.255
N.574 0.036 0.436 0.1
0.3,1 0.041 0,440 0.t76

0.u44 0.4670.4OJ. 0.053 0.473 0.297
0370.057 0.47-7 0.30?
0.030.048 0.443 0sit?

0.o.9 0.067 0.491 o.,
0.395 0.072 0.49, o.,,,
0.402 0.077 0.504 H.3O4
0.404 0.003 0.504 033T

0.0075 2.39 '2120 798,000 0.354 0.0000480.0

0.3596 0.006 0.441 0.024

0.3)4 0.0N2 0.471 O.23
0.X0O 0.0? 0.471 0.241

0.31` 0.0U 3 0,5 0..440.378 0.0"0 0.496 0.101
0.,31 0.034 0.1020. Sol
0.383 0.040 0.550 0.5
0.390 0.044 0.21 0.290
0.395 0.011 0.40S 001.
0 a3 0c4oo 0.43U 0.81?
0.i40 0.043 0.301 04171
0.40' 0.060 0.543 0. 1"
0.405 9.074 0.51. 0:.15
0.408 0.010 0.M64 6.117
0.650 0.04 0.1549 : 01
0.440 0.0 1 0.1MT 0

0.0075 2.37 30, 0,000 0.37, 0.3340.4U7 0.024 0.5U? i 1.351
0.402 0.048 0.020 I 0.4S 0.41)3 0.0.91 0..430 0.471'
O,42 01,095 ::&1*0 0.46•. I

0.471 0.143 0.019 O.5S35
0.50. 0.52) 0Sl)

0.5340 0.235 1__ 19 ©.____
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9 Table R. Continued

0 ,05 1,.7 J40 7__ _ • (- -- J • ,
238.9 p~iS , 3,E,...

0.411 0.054 0011 0400

0.41 j 0.04: .2403 0.477
C0.4392 0.095 12.411 0.1US
I0.4hi 0.141 0.614 O01-79
0 491 0 1 0 0.627 0.410
0.1. I 0.2S9 0.611 0.644
0.531 0.516 0.601 0.116

0.0075 1.07 3160 70.000 j 0.040 0.454 V.77;

0.410 0.+03 0.7l1 0.7*3

0.4mi 0.107 0.719 1.337
0.145 0.513 0. 17 0.111
0.600 0.341 0.41p 1.001
0.431 0.400 0-71T 1.0190.C40 0.01 0.403 10.51

00 3 .0 14 730 O. 470.7 _

0.110 ::X 'N20. I o.!

04114 0.411 0.4?17"1

0.0075 5.07 It"4 770,000 0.474 0.000 0.75 0.103
0.485 0.003 0.4O1 0.0"0
0.44O 0.,47 0.6O 5 h . ?
0.487 0.66049 0 0.837
S0.•19 0, J 0.693 1.00s
0,60, 0.410

0.007S 5. 0 793,000 0.310 0.000 01.4"9¥ 0.391
0.:94 0.031 0.9S9 0.506
0.44 0.1 0.32 0.311

40 0.40 0:9

0.42. 0.04s 0.194 0.173
0..435 .o 0.56: 0.39.
0.459 0.091 0.941 0.456

.07 I1 2O ? ,0 I 0,439 O.204 0.473J O.J409

0.49 040 0 0.407 0.91,
0.44 0.170 0.410 0.989
0.440 0.3040 0.521011

0.03 .00.31

- 457 0.46 0. 0 0 , 4 0.449
0.407 0.... 0.960 0.s:u
0.419 00093 0.114 0 ,
0.417 0.100 0.017 I 0.
0.414 04.I2 0.4 0.144

0,4540 .14 0.10 0.313

0.41 0 0.0 07 O,577

0.43 I.f 
0.:14 0,404

... 30 0.106 0.54 0.440
0.4970 0 4,, 06 O.4741. .. 37 .. 0.,47 0.,01 0.4 0.404

.1442 0.014 0.714 , 3 00.414 0.32* 5.7 1.101

5.444 0 ~ 3 3 * 0.4 0 .5400+15,

,0.3 .4 '401 0.330 0.000 0.574 0,733

0.44% 0.92 0.11A ) 0.911
0 0 is 0.!.7 0.S4i

9 440 0.391 0. I0.47

0.401 I 0.4'? 0.1304 3.I19

0.007.,6 0.
430 7300 04.10 

0..4 0.0.431 0.104 0.6.9 8.40
0.497 00416 0,4419 0.74

0000 .. 9430 0..... 0.. . 0.004

PAID0 0.9 0.1 .3

0.110 0.3 1 01710 8,40310.41 0.44 0..74 1.033

! 0,93* 0.170 0.471 I.I03

0.049 0.477 0.4 0 I 0.

0.414 0.33.0.494 8.,1

.0m Z.41 . .0.14U 0.000 0.T4o 0.o10
'0.:1S 0.1 0.70: $ I .974
0.l 0..4 .l I ..?,$0 i9

•~ ~~~ 0,"4 CIS1:+•70,0 0. 1,6119

0.* 0 .3003 o.5 I *.-,

0,41 0.1YO,4 I

.07 .6 4 00.490 0.0" 0 .611 0.4"1

o510 0.49 :0.44,t .

0.99" 0.313 0.009 1.03
0.099 0.141 0.7T0 I

O ~:i1 € ITS 0. 132IlJ

0.l• 0.220 0.6"l~~
0,69,T 0.144! 0."'170 2'

0,$7.1 0..184I 1.7
0 l 0. $IT *?t,1 1, S'

0.599, 0.41" 0.711I l2
i f+.H) 0kJ 0.145 ~

0.60" 0.0 080 1 0
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Table 8. Continued

r ., r I '~~

(b) a • o0 ....
0.0075 3.90 !4430- 793.000 0.436 0.000 0.6Is 0.452

0,477 O.0 0.623 0.$0,1
0.S02 0.050 0.637 0.352
0.509 0.074 0.664 9.64Z
0.519 0.100 0.667 0.653
0.532 0.126 0.671 0.703
0.542 0.t11 0.674 0.753
0.548 0.176 0.683 0.50s
0.556 O.20 0.691 0.853
0.562 0.ZZ6 0.699 0.904
0.573 0.251 0.702 0.954
0.576 0. 76 0.706 1.004
0.5BZ 0.301 0.709 1.054
0.586 0.326 0.717 1.104
0.599 0.55 0.716 1.33
0.601 0.376 0.729 3 .205
0.607 0.402 0.727 1.ZS5

O.OOSO Z.04 471"0 -50,000 0.22Z 0.000 0.593 0.473
0,337 0.052 0.63 O.SZ5
0.337 0.104 0.'-,3 0.577
0.433 0.358 0.653 0.630
0.S03 0. Z62 0.668 0.683 I
0.527 031S 0.672 0.736 +
0.553 0.367 0.676 0.788
0.569 0.420

0.0050 Z.10 4810 662,000 0.273 0.000 0.491 0.640
C.346 0.036 0.600 0.733

-0.439- 0.071 0.61 0.782
0.452 0.107 0.623 0.853
0462 0. 142 0.634 0.924
0.472 0.179 0.644 0.995

j"I 0.478 0.2 3 0.69i 1.066
0.491 0.149 0.701 1.137
0.485 0.284 0.704 t.208
0.597 0.320 0.713 :.Z7^•0.512 0.355 0.7ZC 3.150
0.507 0.320 0.713 " I
O.523 0.373 0.730 3.421
0.528 0,426 0.748 3.492
0.55 0.462 0.753 .56j0.559 0.497 G.748 l -34

0.573 0.533 0.,148 1.70,
0.577 0.569 0.715 1.777

0.0030 1.55 5920 77,.000 0.134 0,000 0.b04 0.723
.2 015 0.049 0.628 O.SSI

0.345 0.098 0.641 0.979
004: 0.195 0.62U 1.176
0.465 0.294 0.656 :.370
0:506 0,392 0.582 . L-T
0.546 I 0.4"9 0.69t 3.764

• .Ss5 U.S•

0.620 0.656

O.OOSO 2.82 645O 718,000 0.223 0.000 0C6O6 0.,67S0.396 0.059 0.661 0.526
0.455 0.138 0.670 0.88
0.481 0.37? 0.68.5 004•4o.• a.3 0.70 NO.0
0.408 0.236 0 .703 .lit
0,s0o$ 029 0.721 1,1o1
0.530 0.354 0.727 :.299
0:551 0.413 j 0739 1.417
0.570 0.472 0.743 1.53I
0.599 0.53 0.75 1 1.7,1
0,627 -. '49 0.7_ _ t_00
0.!!! 0.06 . 0.7531 3.007

0.00a0.5 689 T",0 0.295 0.000 0,63 0.016
0.378 0.063 0.T.t 0.941
0.437 0.331 0.733 1Loos

0.351 0:.10 1.54
0.544 0.314 ". ",?8t
0.58 0.376 0.7" 3.50S
0.79 0.439 0.l10 1.438
0.591 0,502 0.843 3.85 ,
0,685 0,502 0.543t 80
0.634 0.637 .1,33 ..00?
"10.643 0.69 0.649 3.134

00653 0.7301 0.119 3.3570.657 0.l1S
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* Table 8. Continued

0.010 2.10 so7 W, 9000 0c)0 0 .5024
0..2 .00 0:41 ,.2I

0.10? 01"00.4 0.14)

.11 0.024 0.40 O's I
0.320 0.02'0.444 024

0.414 N.0i4 0.470 a *0.1
0.2t0 0.04)0.0 0.102

059 0.041 0UV40.2
0.19 0.05007 0.5)29

0.330 0.0670 3 7 . 0
":"1.) 0.0 0.05 0.0
0.134 0.45905 .4
0.147 0. 04? 6040 7.
0.)0, 0.07 0.610 0.320
0..003 0.7 0.493 0.330

000+ 12 . 61,0.4109 0. 0.400.7
0.309* 0. 091 0.921 *:.4-
0.44 0.20 0.*1, 0.540
0.642 0.2 4.f% :7

0.443 0.2 020 .0

0.4) '42I 0.7

.:4120. * 0.00 . 0
0,41 U40* 0. 71 0.29)

040 0.0s4 0.014 0.00

0 .40 0.04 0.000 0.169
0.485 0.06 0.00 003
0.467 0.00) 0.62 0.3$9
0.4 91 0.077 70.07 0.
0.490 0.003 ::0.00 0.
0.451 0.0"1 0.4404 0.410

047 0.07 0.09s 0.43)
042 0'.'0146 I .707 1 0.3454

0.490 0007 0.104 0.3*4" -

0.020 2.79 0.02 0.22. 0" N7 0.73 "1 0.4
0..5 0.640 0.0
034 0.029 0.40 .9f I 0~~~.:142 0040.4 .2

0.310 0.04? 0..74 .3
0.402 101 0.04 - I 0.)?)S

0417 0.1 6.96 I 0.
0.43 M.0 0.0 1.40
0.493 0.9 .2 .40
0.460 0.20 .2 0.4"7
0.474 0.22 0 08.7098 0164

20.487 0.202 0.3 0.1060
0.0 0.2) 1.76) 0.00

0:00 040 0.76) .0

004 020 0.770, 0.19

0.094 0.0 "0.4 0.04
0.0 0.054 0.774 0.00?

0.62 1 0.4) .770 0.9"41
0.020 2.001 060 000.00 0.124 00470 0.200Q

0. 3"4 0. 0. 494 0.
4.427 0.0 0.100 0.100

1.2 .4 0.020 0. A0
0.430 0.00 0..5 0.SO
0.41141 0.040 0.050 0.300

':.439 0.016 0.6IN 0.532
0.:441 0.O0 00 0.040

0.447 0.1"000 .00. 403 0..210 0.
0.460 0.15 as01 S.4n0
0.4114 0.2) 0In 0.441
0. 40 0.240 .62 0 .041

a.46 0." 0.629 06411
0. 440 0.1611 11.0 1 41.11111

cm43 0.035 0.lia 9.

0..00.24 1"70 .0
a.01 0.24* 0.73 *.620

0.43 0.790.4 0.011
01"4 0..2 . u

2I 0,0JI? 0715 0.4

0.49 0.12 0.14 0.720

M.0 I 0..860" 0. T99 0.0200.14 "1 0. 1" 0.142
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* Table F. Continued

0.1310 1 .970 0.3346
0.3:74 0.01 IOS6 0.8 0.3458

1704 U..0 .- pi 0.194

1
0ohj .9 6000 034 0: ,.4 0S404

1 : "14 0.0 0.98:.71. ..
80

4.' A 0:.11 0."0. 6.44
0.94 0.0 .77S .
0.403 1.33 1.7 :.1S:
O.41 035 0.7 4 .. 79
0.1,437 0.$?? 0. U9

034 0.001 0.74 . 665
004 .38: 0.613 0."14

0.0.2.4 6S.00 0 391,4 1406

0.448 0)8 073 11

0.10 0.: 4 0749 $.01

0.Ssq 0.104 0: 1047 9594
0.739 0.10 0.S'3.9I _______ 0.417 1.740 1 .1

0.03 0.0 0.778 0.4

0.636 0.,10, 0:,7031:
0.04 00140.83 0.670

0.44 03040.7380

.439 01 0 0.1.47
0.441 0 .;301 7.81 .4?

70.4 0.03 7.17 1.019

0 741 0.30 0.81 1.4

NS79 0.: 0.610 f .791
0486 0.0060 1 .79 16

0..7.0 :51 0.013 0j 0.763 I 1 761
0.74. 0.011 1 0.714 0. a,00.70 041 0.74 0.430.
0.74 6134 a.0. .3S 0.11 .17 &
.000 0.179 0:613 1:66,7

10.434 I .Z34 0.8no I.I&

0.64 Is 0.43 083 1.917

0.0 4 62 CASS9 0 '.8 7, a
074 0.619 8.0:113.11
0.11 0.480 *0.04?

0.6? 1:4 s48

0.709 0.460 0.734 A.44,

0790 0.941 0.?831 2.175

4.9 371a 0.704 10009
75.00 030 01 . 70.1 4.430

8.438 0.89 0.S9 .6.8
0.409 0..87 19479 U0.00 31l0.310.8 8.98 8.4

0.m7 0. 494 1.8 Is$8
0.411. 9964 0. 1" .0

'Z.s4I 0.4 0.404 018
0.ts 0:40 0.811 O

0701 1403 M.6 .4

0.760 ~0: .18 889t O
8.75 1.11 .627 1.509
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g Table 8. Continued

"RP wRI P PWR p R ICo z

(in (in.) _(p7i ZwEtl co06 _ t (

0.00! 4.93 274 U0. 000 0.336 0 O 78S I.916
O.435 O0:096 O0 790 z' *0

00:435 O, 1 92 0.797 2: 19,9
0. 46 6 0.07 O,.790 2. 491

0. 51 0.383 0. 786 a. 68A
0, 562 0.479 0.794 Z,$74
0.594 O.571 0.578 3,066
0.611 0.671 0.783 3,257
0 641 0.766 0. 767 3.449
0.666 0. 86Z 0.769 3. 640
O.686 0.918 0.776 3. 832
0.709 1.04 0.769 4.024
0.71i 1. ISO 0.783 4. 21
0.737 I.Z4S 0.779 4.407
0.749 1.341 0.763 4.598
0.765 1.437 0,776 4.790
0.774 1.533.-.. 070 69
0.77Z j.',4 _
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Table 8. Concluded

7.00 0.4~ .0 0. 718 0.1
0,43! 0.0o, o7 . 765 O.635
04 I 0.0 0.790 077Ž

0.0 0<3, 0.87

0.48.5 0.312 0,70: 14.7.z

0.430 0.168 0.740 0.S39

0 4138 0.3 0 .90 0.6)9o a 0 O. 19b o. B4, ,.0 s
O.539 0.0Ž4 0.'30 'a 7.953

0. 9 0.050 0.134 ;.Z57
03. 603 0..0 933
0.64 0 07 0.9 S I .zIII
0,6 0.:3 O855 1. 174

0.6:6 0:39 0,$4 2. 0
0:.?1 0.439 0.677 ].3340

0 0.734 0.447 0.874 1.39i

0.3W81 0.037t 0400.449 O.3 0.76Ž 0.4040.0,0 0: 0.4,064 07,7 " '

0.481 0.097 0.7'S 0510
0.4948 0.30I I 0.779 0.983!

0.53 O.160 0.787 0.S48

0.54 .. 0. 5° ..... 9. .. 7.3
0 .617 I 0.207 0.9 0 7.7
0.655 0.. . 0z.. 5.8
0.684 0.•9 .603 0.907

0 0.14 0.808 0.970
07Ž0 7.956 0. 3 [0 3036

0.733 [ 0.388 0.805 1330
7o~ 00 0.53 743 778 30oo4o. 0080 .9

0.4Ž3 0.09 0.83Ž 3.70i0.437 7,.337 0.847 3.087

0.501 0.174 .3,t It.4 I
0.537 0.034 0.335 3.9Žl3_

0.599 0.3291 1,.ZS 1.636

0.40 0.35! 7.9:4 371"
0.654 0.930 0.83 .. 03 :19
70637 0.403 O.5t 3.989

40*04 0.446 0.940
0.o, 00,TO0 .0,44 .467
0.83! 0.761 0 4 .9 0.$740 .... . ., 1 ........
0.8:03 063 30 04
0. :3 0.933 O.8 L .

0.005 I1 I.71 700, 000 0.: !133 0.77 .7787
0I

0.471 0. 30 0.86h i.096
0,487 0.194 0.714 1.416

077 0.0U90 ;7.7 3.665
70+ 7 [ 0.454 $.00 t, A14

O.OOS 1.74 780 ?lO, 0 7.34. ':o 640... IS %7. 11 , 1 o73
,387 i 0.753 0.e 0

.0.-61 0, O0 7 0,76, .0
0.... 0333 6 0,,4 -0o00 ..... ..... ,,,4, i VI..
0 .701 0?• 1 0:76, .04oon:~ :4,3 00 .60; 1.3

______ ______ 4. 0.05 1 ," 0.4 "1 3.1645

;0O.0$6,6 lOSO 700, 00 0.49? 0.340.7 l 3.3I3, e i
0..7 0I 0.84 ,00

0.616 4.410. o 36 07,440.666 0.13 4
0.4 .684 7.0.41 86

0 5 *S 0., I ,? 0ý77 ,411

a,873 0.406 4.603 I 0,64
0.781 03.34 0.64 1 .7194

¢. 61 I.l•0. ILA 1 . 41

C. 02l 20. 0 4. I•1 84,0

I0 34_ _-:_m -

34 0.434 .4.70 ,.1'
0.1, 0:40? 0.911 0.t44:

0, ail 70.0 1. ?, ,?41l

S.67! 043

•0.363 ,I 098 0,506 3 03. i

0.339 3,008 0.906 1.4!

o.- 0 . . . 10 . 0.o + 3 3,76

0.768 3.06o 8.944 1 6.*.4

ýMmi
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VIII. CYLINDERS AND TRUNCATED CONES UNDER PURE BENDING

The design of cylindrical shells in bending, like that of cylinders in

compression, is in an inconclusive state at the present time. It is only

recently (see Reference 33) that small-deflection theory for this loading

condition has been fully solved, reliance having been previously placed on

an incomplete result due to Flugge (Reference 9). According to small-

deflection theory the critical max-mum compressive stress due to bending

is approximately equal to that for axial compression, or

M 1
- - b. (10)

WERt v -

Experimental results obtained to date are lower than this classic value,

but higher than results for the case of axial compression. No large-deflec-

tion a~• yslo exists to show whether the increase in stress is or is not an

inherent characteristic of cylinders in bending, but certain conjectures

have 'teen made to explain both the large scatter of bending results and the

increase over axial compression results.

The experimental buckle patterns for cylinders in bending (Figure 29)

are very much like thoso obtair ed in axial compression. It therefore

appears reasonable to assume that the theoretiCal post-buckling

behavior under both loading conditions it similar and that initial imperfec-

tions and other factors discussed in Section V are significan+ for both.

(See, however, Section XIII. ' The stress distribution varies circurnferen-

tially in the case of ben,'ng. however, so that the shells have a preferred

region of buckling. The lower probability of imperfections occurring within

this region would lead ome to expect stress coefficients in bending that, on

theaverage, are higher than those for compression.

5 This explanation was suggested by Prof. B. Budiansky n commenting on
Reference 33.

I
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For conical shells, ber~ding re~presents a completely unexpi 'red
loadin~g c~ondition. Since no theoretical solutio~n exists, investigations

must be guided pririiarly by the facts known about cylinder8 and cores

in compression and about cylinderz. in bending. The bending test pro-

gram reported in this section was intender to provide additional data

for cylinders in bending and to provide data for at least establishing a

tentative method ior the design of conical shells in bending.

A. Result. ior Cylinders

The experimental data for cylinders are given in part (a) of

Tables 9 and 10. It can be seen that the. magnitudes of the critical bend-

ing moment coefficiente ire considerably higher than those for axial corn-
pression. The data are, plotted in Figure 30 together with experimental

results obtained by other investigators (Reference 5, 30, 34, 35, and 36).
Some of the data in the literature, namely that of References 13 and 17,

have been emnitted, silnc.c thr- rc!ýO~ts wc.-rc nczt in agreement with either

thz~se of thr- present program or with those of the other Investigations.

It is suspected that the cylainder wall thicknesees reported in Referance 13

were too small to permit easy handling and resulted In aignificantly infer-

inr sperimens. The data of Reference 17 are suspect Eince -%.a 2pecimens

ware skiljected to plastic damage in previous testbe of the same specimens.

The various test results cover the range of radius -thickness ratios loes
than 2000. The only available duta for a. larger radius -thickness r-^tio

(Reierence 35) are not plotted since they wore obtained from very thin-

walled iopecimens and are not in accord with the trend established by the

othe r datia.

It can be seen that the remaining data are in reiatively good
agreement and define a smooth, consistent lower bound curve. A good
representation of this lower bound, interestingly enough, can be obtairied

by a slight modification of t~he lower bound cttrve .Ieflisid for axial comnpres-

sion as
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I !R .

Cb= -ERt = o.6o6 -0.443 I - e (11

which is shown in Figure 33, Also shown is the coefficient given by

Equation (4) multiplied by a factor of 1.3, which has been suggested in the

literature. The agreement of this curve with the test data is poor.

B. Results for Cones

Before presenting the experimental data for conical shells in

bending, it is necessary to discuss the paramreter used as a critical bend-

ing moment coefficient. The theoretical results of Reference 33 for

cylinders in bending indi:ate that the predicted buckle wavelength is smanll

and that the maximum compressive bending stress should be approximately

equal to the critical axial compressiv,. -t*ress. The tesults of Reference 24,

for conical shells in axial compression, indicate that the critical local

meridiona, stress is equal to the critical compressive stress of a cylinder

having the same woll thickness and the same local radius of curvature. It

is also khown that stresses in cones under bending decrease in the longi-

tudinal direction at a rate much faster than do the corresponding stresses

in axially compressed cones. It appears reasonable, therefore to hyptibhe-

size that small-deflection theory for conical shells in bendii.6, would pre-

dict that buckling occurs when the maximum meridional compressive stress,

at or near the small cross section of the cone, is equal to the critical

compressive stress of a cylinder having the same wall thickness and the

sarne local radius of curvature. Thus utilizing the membrane theory of

sheil6, we predict that the classic buckling moment coefficient is given by

Smax M 0 )

I wEt 'R 1 cos a 3%i v )

It may very well be that the theoretical buckling coefficient is a function of

thn parameter suUebsted by the work on cones under axial compression

and internal pressure, since the iheoretical buckled shape can be
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3xpected to be concentrated in the vicinity of the small radius because of

the rapid drop-off in stress, and of the sernivertex angle a itself since the

membrane stress state also consists of a shearing stress distribution

which increases in importance as the semivertex angle increases. Actual

buckle patterns for conical shells (Figure Z9) are not very much different

from those for cylinders, however. In the absence of an analytical nnl,i-

tion of this problem, it is difficult to ascertain the important parameters

in view of the large number of tests that would be required. Thus, about

all that can be done at the present time is to see if experimental values of

Sdefined by Equation (12) and plotted against p 1/t for the conical shells,

fall within the scatterbandg defined by the cylinder results.

The experimental data are presented in Table 9 and 10 and

are plotted in terms of-the par'ameters Cb and pl/t in Figure 31. Also

shown is the lower bound curve suggested by the cylinder results. It is

evident that most of the cone data lie above the lower bound curve and

reasonably well vlthin the soatterband established by the cylinder results.

A study of the data indicates that the length of the conical shell may be a

significant parameter, but there is insufficient data to firmly establish

this trend. It would be helpful in future test programs to construct speci-

mens with a fixed mrmall radius, rather than the large rrdius, and to

comprehensively study the effects of variations of length, wall thickness,

and emrrivertex angle within the framework of the discussion given abo, e.

a
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Table 9. Experimental Data for Mylar Cones and Cylinders in Pure
Bendfinga

t E x to- 3 Pl M-

(in) (psi) PR Cos a

(a) a 0= 0

0.0100 690 400 0.875 0.331
0.0100 690 100 12.0 0.404
0.0100 690 100 12.0 0.395
0..100 60 1O0 10.0 ,.448
0.0100 690 100 6.0 0.476
0.0100 690 100 6.0 0.500
0.0100 690 100 6.0 0.480
0.0100 '490 100 4.0 0.504
0.0100 690 100 4.0 0.536
0.0100 690 100 2.0 0.468
0.0100 690 I00 2.0 0.456
0.0100 690 100 1.0 0.487
0.0100 690 100 f.0 0.512
U.0!00 690 100 1.0 0.545
0.0080 725 125 1.0 0.528
0.0080 725 125 1.0 0.5Z3
0.0080 125 125 1.0 0.508
0.0050 750 800 2.0 0.120
0.0050 750 800 2.0 0,416
0.0050 750 800 2.0 0 373
0.0050 750 800 2.0 u.343
0.0050 750 800 0.875 0,379
0.0050 750 800 0.875 0.3j2
0.005c 800 200 1.0 0.511
0.0050 800 200 1.0 0.423
0s0050 800 200 1,o 0.393
0.0050 800 100 1.0 0.417
0.0030 775 1333 2.0 0.327
0.0030 775 1333 2.0 0.321
0.0030 775 1333 2.(% 0.285
0.0030 775 1333 2.0 0.Z900.002•0 775 1333 0.875 0.388
0.0010 775 1333 0.875 0.307
O.OO30 775 1 333 0.875 0.335
0.0030 7 75 333 1.0 0.366
0.0030 775 333 ! .0 0.408
0.0030 775 333 1.0 0.429
0,0020 740 2000 2.0 0,2190.0020 740 2000 Z.0 0.t90

0.0020 740 L000 2.0 0.192
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pTable 9. Continued

t E x to-' Plz
"T" I P1  wEt R cos a

(in) (psi)

0.0020 740 2000 0.875 0.212
n 0020 74U 2000 0.8,5 0.27 !
0.0020 740 500 1.0 0.345
0.0020 740 1.500 1.0 0.366

(b) a = 200

0.0050 704 321 (.35 0.505
0.0050 70A 321 6.35 0.439
0 0050 601 321 6.35 0.466
0.0050 693 321 6.35 0.540
0.C050 693 620 1.97 0.429
0.0050 693 620 1.97 0.505
0.0050 b93 472 3.44 0.4490.0050 693 472 3.44 0.416

(c) a 30°

0.0100 700 333 1.275 0.429
0.0100 700 333 1.275 0.451
0.0100 680 332 1.26! 0.443
0.0100 680 332 i.265 0.468
0.0100 680 330 1.285 O.3J8
0.0100 680 330 1.285 0.43b
0.0100 800 330 1.296 0,430
0.0100 700 330 1296 0.432
0,0100 690 252 2.241 0.449
0.0100 690 252 2.241 0.456
0.0100 690 248 2.296 0.460
0.0100 690 248 2.296 0.486
J.010'" 690 169 41200 0.519
0.0100 690 169 4.200 0.512
0.0100 690 166 4.282 0.412
0.0100 590 :.66 4.282 0.510
0.0100 690 163 4.410 0.457
0.0100 690 t63 4.410 0.464
0.0100 720 161 4.454 0.423
0.0100 720 161 4,454 0.400
0.0075 797 445 1.265 0.398
0.0075 797 445 t .265 C.4Z1
0.0075 797 443 1.275 0.412
0.O 5 797 443 1.275 0.418

- - -_________
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"Table 9. Continued

t E x 10" 3  P. £ M
t P1 I -Et R, coo L

(in) (psi) I

0.0075 797 335 2,24! 0.423
0.0075 797 335 2.241 0.43A
0.0075 778 335 2.241 0.425
0,0075 778 335 2.241 0.466
0.0075 778 225 4.200 0.452
0.0075 778 225 4.200 O.4S8
0.0075 778 223 4.241 0.4/1
0.0075 778 223 4.241 0.490
0.0050 708 680 1.224 0.3S0
0.0050 708 680 1 .224 0.370
0.0050 70$ 679 1.234 0.346
0.0050 708 679 1.234 0.373
0.0050 787 505 2.259 0.365
0.0050 787 505 2.259 0.331
0 0050 787 502 2.277 0.352
0 0050 787 502 2,277 0.346
u 0050 668 335 4.282 0.378
0.0050 668 335 4.282 0.421
u 0050 668 333 4',24 0.409
0.0050 668 333 4.324 0.396
0 0050 668 328 4.410 0.479
0 0050 6AS 328 4.410 0.435

(d) a 450

0.0100 690 417 0.695 0.459
0.0100 690 417 0.695 0.452
0.0100 776 412 0.718 0.418
0.0100 776 412 0.718 0.421
0.0100 776 410 0.724 0.399
0.0100 776 410 0.724 0.402
0.0100 677 $04 1.326 0.433
0.0100 677 304 1.326 0.42!
0.0toC 678 W04 1.326 0.363
0.0100 678 304 1.326 0.399
0.0101D 776 303 1.336 0.399
0.0100 776 303 1,336 0.403
0.0100 690 303 1.336 0.420
0.0100 690 303 1.336 0.451
0.0100 677 307 2.425 0.431
O.OUO 677 207 7.425 0.481

0.0!00 677 205 Z. 448 0.477

S. Mp.
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Table 9. Contiwued

t I ExI0-3  PI zMT" P wEtR cog a
(in) (psi) I

0.0100 677 205 2.448 0.506
0.0100 690 199 2.546 0.480
U.0100 690 199 2.546 0.503
0.0075 691 411 1.304 0.492
U.u075 691 411 1.304 0,508
V 0075 691 400 1.358 0.513
0.0075 691 400 1.358 0.458
0.0075 691 277 2.401 0.485
0.0075 691 277 2.401 0.479
0.0075 Ell 270 2.497 0.533
0.0075 691 270 2.497 0.481
0.00su 731 833 0,695 0.376
0.0010 731 833 0.695 0.407
0.0050 731 825 0.712 0.374
C 0050 731 825 0.712 0.380

b90 608 1.326 0.465
.0050 690 608 1.326 0.464
3050 731 600 1.358 0.36?

9.0050 731 600 1.358 0.400
0.0050 678 408 2.472 0.415
U.0050 678 408 2.472 0.344
0.0050 679 398 2.546 u 423
0.0050 679 398 f .546 0.431

(e) a 600

0.0100 683 542 0.486 0.557
0.0100 6A83 542 0.488 0.540
0.0100 683 538 0.496 O.S0O
0.0100 683 536 0.496 0.5t0
0.0100 690 394 O.:3 0,516
0.0100 690 394 0.866 0.493
0.0100 690 386 0.918 0,520
0.010 J 690 386 0.918 0.494
0.0100 686 384 0.916 0.533
0.0100 686 344 0.926 0.434
0.0100 690 3612 0.934 0.527
0.0100 690 352 0.934 O.S27
0.0100 690 182 0.954 n.523
0.0100 690 j35 0.934 0.435
0.0100 690 380 0.942 0.46
0.0100 650 380 0.912 0.453

it
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Table 9. Concluded

t. E x 10-3 2"P 2•

(in) (psi) nP IEt 2  coR 2 a

0.0100 700 278 1.499 0.481
•.___0.0100 700 278 1.499 0.497

0.0100 700 278 1.499 0.583
0.0100 700 278 1.499 0.485
0.0100 700 264 1.610 0.564
0.0100 700 264 1.610 0.537
0.0100 650 240 1.789 0.527
0.0100 650 240 1.789 0.527
0.0100 650 438 1.848 0.529
0.0100 650 238 1.848 0.534
0.0075 776 744 0.457 0.508
0.0075 778 744 0.457 0.482
0.0075 778 717 0.496 0.484
0.0075 778 717 0.496 0.472

0.0075 760 557 0.804 0.495
0,075 760 557 0.804 0.517

0.0075 760 515 0.918 0.514
0.0075 760 515 0.918 0.539
).0075 772 379 1.456 0.526
0.0075 772 379 1.456 0.455
0.0075 772 363 1.545 0.502
0.0075 772 363 1.545 0.457
0.0050 720 1096 0.476 0.-43
0.0050 720 1096 0.476 0.3610.0050 685 1096 U.476 0.415

S0.0050 685 .. 1096 0.476 0.399
0.0050 685 1092 0.480 0.389
0.0050 685 1092 -0.480 0.363
T.0050 685 1088 0.484 0.369
0.0050 685 1088 0.484 0.353

1 0.0050 676 778 0.903 0.370
1 0.0050 676 778 0.903 0.356
S0.0050 676 764 0.934 0.445

0.0050 676 764 0.934 0.406
0.0050 676 764 0.934 0.449
0.0050 676 764 0.934 0.425
0.0050 730 528 1.610 0.505
0.0050 730 528 1.610 0.492
"O.Od50 730 528 1.610 0.447
0.0050 730 128 1.610 0.447
0.0050 783 516 1.660 0.345
0.0050 783 516 1.660 0.383

_ _I_ __
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S Table 10. Expmlrrmenta. Data for Steel Cones and Cydnders in Puar Bondi&&,

t E xto-
6  P 1 I M

(in) (psi) __ wEtR Cos a

(a) a 00
O.OZO 30 400 2 0.314

0.020 30 400 1 0.361
0.020 30 400 1 0.318
0.020 30 400 1 0.322
0.020 30 400 1 0.310
0.00 400 t 0.38S
0.010 3O 800 2 0.44Z
0.010 30 800 2 0.4Z1
0.010 30 800 1 0.433
0.010 30 800 1 0.433
0. 010 30 goo I 0.455

0.010 30 000 1 0.330
rv 09 0 30 000 1 0.421
0.010 30 800 1 0.319

.910 .. 800 1 0.366

(b) a 300

0.020 i0 M13 Z.598 0.154
0.020 30 231 2.596 0.36,1
0.020 30 231 Z.598 0.z I i.

0.020 30 231 2.b9s u.i. 7
0.010 30 462 t .596 9 0.365
0.010 30 46. 2.59 I 0.351
0 010 30 462 j .596 0.326

(c) W 600

0.010 1 0 300 1.347 0.3)6
0.Ozo 30 300 1.347 0.313
0.Ozo 30 o00 1.347 0.121
0.020 31 Y'j 1.347 0.304
0,010 30 3000 0.577 0.361
0.010 30 bOO 1.347 0.340
0.010 30 600 1.347 0.301
0.010 30 604 1.347 0.402
0.010 30 604 1.347 0.415
0.010 30 400 1.310 C.101
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IX. PRESSURIZED CYLINDERS AND TflUMN(AT ED CONES UNDER
BENDING AND AXIAL LOADS

Of the loading conditions studied in the present report, the interaction

between bending, axial load. and internal pressu~re is the least investigated

in the literature. It is known that there is a straight !ine interaction curve

between bending ario axial compression for unpressurized cylinder@

(Reference 17 and 33). Further, it has been supposed. on the basi4 of

theoretical results for pressurized cylinders in axial compression., that

the maximumn nominal compressive stress for pressurized cyluidcrs in

bending should approach the classic value for axial compression. Experi-

mental evidenice to dispove this ahsumptioni has recently appeared in

References 5 and 3S, where it is shown that, for pressurized cylinders

in bending, maximum compressive stress coefficients that are greater

than the classic value for axial compression can be obtained. The export-

rcental dAta are insufficient. however. to yield any clear picture cf %*Niat

critical ;,m~ts can be expected, siiwit they are av.ailabl, only for r,-latively

lo .,3 uc oi internal pre~it~rC.

A binall defection aiialys.s Of the stability o4 pressLtrized vy'.Aders

iri .ri.dit 4 g (Refrrence 57) reveals that lateral pros&-ate slightly increases

the critical corsipreisive stress o! cylinders in bendingi. wilL' the W, -cave

'varyir~g with the !atorsi presasure and with the radius-thkckness ratio of

the cylkndv:-. When Axial tenowiom is added. ALM In the Case of hydriaetAtiC

pressure for instani~e, the not comnprooasive otrcss at buckling to'&a r

thnfor Isteral pressure alon, and continues oil t-vri,y xv !h^avi~al

tension increases. SrnalI- deflection Rheilry to inadjua'o. h~esvor. a064 .

sInce e~rg. deflction aunalysis to not available at %his f-me. the true

behiavie~r of pros attriaed cylinders in bendtng must he revealed l

GrAperwiment.

The eaeietlresult* presented herein represent an lndication

a4 what can boo r..e'Z:1d ot elastic pressuriaed Coneo and cylinders Ln

bwendig. However. ostahlishinj destaf criteria from the z-vaiiable data

would appear to b% p'rvealuro.
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A. Load- Deformation Curves

Load- deformation curves for presturized cylinders and cones iii

bending were obtained by continuously recording the force in the loading

cable and the downward movement o( the end plate at the compression side

of the shell. Typical set@ of curves for &Lylinders with varying pressure.

are ,jhown in Figure. 32 and 33. Th~e X mrark on each curve is the critical

load calculated from linear theory. Each curve of Figure 3Z was obtained

by keeping the interniil pressure constant, applying an end compressive

load equal to the calculated pressure force on the end plate, and varying

the hending moment until a maximum value was obtained. This corresponds

to a cylinder aader lateral pressure alone. The curves of F;,v- 33 cnorr !

spond to a cylinder un_-er uniform hydrostatic preest-re eiiact !he pressure

force on the end plate was not counterbalanced. Values of the pressure

parameter p . which is about 3.1 times the usual parameter p. and the

cor'.-rpuridirg critical load preoiczed hy the small- deflection solution of

Refercure 37 are shown for each curva..

I'he implicatiunai c, rigures 32 and 33 are quite unexpected. since

therc are iew hints of the pnenomena. in the literature. We note, first of

all. .hat the maximum loads rc--orded are considerably larger than those

predicted by eanall -deflection theory foir *uflf~--_r!y hi!'~. p, .0sore. The

present results indicate that the nonia crimprosssiv stress due to beAd-

ing increases with increasing internal pressure. SumUar results were

obtaineqd in Reference S for aiminuium cylinders wish a maxmimum vae*s for

p 0* about J.

It was observed. at: the bending moment was increasedt, that

approximately ralial deforrnatites. similar to those observe4 tn tests of

preosuria*ed ~yliud*e~ under a.lcoinpressio.t. first a~pearod near the

cylu-.49r end* end grew titn agntude. The level of load at which this occur-

red was sLear the ruittral valup isrsdieted b6y sa'.114oformaties theory.

TýIe only effec- thope large ripples appeared to h~ave on the overall lead-

deformiation behavior, however, was to sligk~ly decrease the cy,;....r stiff-

&ieee. As !!.* moment was increased beyoad this level. dianien4-shaped

deformat-ins apv.aer' %no spread around the %-rcimftdre~ce.
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The depth ci these buckles at the "coliapre" load was solarge that the buckles

could lead to fracture of the metal shells. The problem is what to define as

a critical load. If large deformations are the criterion, then the predic-

ticns of smalldeflcction theory are reasonably correct. On the other

,haaid, these large deformations on the compression side of the shell only

bring about a redistribution of stress within the shell which zontinueS to

carr; increasing load until the deformations o0 & much lar.tT magnitude

occur. This behavior would appear to be similar to the Brazier type of

failure of c,,,-a- ij •- - r....s 38.40) and would possibly be

predictable by a Brazier-type of theory; but the values obtained in Refer-

ence 40, for instance, are found to be considerably higher than experimental

results for pressurized cylinders.

It will also be noticed that the effect of pressure on the shape

of the load-deformation curves for cylinders is entirely different for

the cases of lateral and hydrostatic pressure. While lateral pressure

has the effect of sharpening the peak of the curve, hydrostatic pressure

servc.•. to make the load-deformation curve slope gently to a plateau in

t! t ma.r._cr of pressurized cylinders under axial compression. in the

latter caiie, the variation ol the shape of the curves indicates that the

deformation modes prior to collapse vary with internai pres'ure0 Fur

low pressures the cu.v. .n n!!!ir n"!•r ,,•q . At the p•reu,•re

increases, the linear portion of the curve breaks sharply prior to buckling

and proceeds linearly to collapse at another 'slope. Wiih still higher

pressures the sharp break rounds off and collapse is apparently initiated

by still another large deformation mode. The comparison indicates that

the rounding-o;f effect is due to the axial tensile force induced by the pre'-

sure, a conjecture that is strengthened by the results of some preli.ninary

bending tests which applied axial tension in addition to hydrostatic pres-

sure. For sufliciently large tension loads it was impossible to define

"a collapse load since the load-deformation curve did not level off even

for extremely large amount of deformation. A similar result was

observed for very lwrge values of internal hydrostatic pressure.
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B. Collapt. Loads for Cylinders

Net compressive stress coefficients for the cylinders tested

are given in Table i-and are shown in Figures 34 and 35. The results

are.given in the form of the ratio of the nominal maximum compressive

stress at collapse and the theoretical critical stress for axial compres-

sion as a function of the internal pressure parameter. For the case of

lateral pressure, the stress ratio is.

b

b= V3(l- v) M (13)

~c Rt

while for hydrostatic pressure

°'' •'3( -v ). M 1
jj"j'- T -- • * (14)

c ERt q

A comparison of Figures 34 and 35 shows that the net compres-

sive stress coefficient rises more rapidly for the case •f i,.Lernal uniform

hydrostatic pressure than for lateral pressure. For hydrostatic pressure.

it would take a value of p on the order of ) to 1. 5 for the compressie

stress to attain the small deflection value whereas the value of p

required for lateral pressure is about 2. For sufficiently high pressures,

results of both types of pressurization indicate a linear increase of the

critical net compressive stress with internal pressure. The results for

hydrostatic pressure rise at a rate about 4 times as great as those f3i

1 at.rn.l pressure. Preliminary tests indicate that even greater increases

in the net compressive stress coefficient for the same value of internal

pressure can be obtained with additional tension load proportional to the

internal pressure.

,, t a6
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The numb~r of tests is in. fceiit to show whether or not the
collapse moments depend to any great extent on the radius-thickness ratio

of the cylinders. There is some indication that this is true, but a great

deal of additional experimer:tation is required to firmly establish any trends.

It is obvious t- it experimentaiion is required for less elastic materials

to determine where plasticity effects bring about deviations fronm the results

for Mylar.

C. Collapse Loads for Cones

A few bending tests werv performed on internally pressurized

cones having semivertex angles of 30 degrees and 5ý' degrees, the results

of which are given in Table 12 and in Figure 36 and 37. Because no axxaL

compressive lo•id was applied, the results pertain to the case of internal

uniform hydrostatic pressure and bending. The data is given in the form

of the net m&Yimum compressive stress coefficient as a function of the

pressure parameter p , all based on the small end of the conical shell.

Thus

' = 3L ) -M1* *16)•c Ir ER I t2 coo• z "C p'LI.

We note that there ap~pears to be considerably nm re scattor of the

results than for cylinders. Some scatter is to be expected since Initially

the region of compressive stresm is concentrated near the small end of the

cylinder, where any irregularities such as dk.mpling or ovalizatcn of the

Cross section would affect the results. This might pexsist even at high

interna&l pressure since the combination of edge restraint and pressure

would create irregularities in the region of concern. It is interesting

that all of the lower values in Figure 36 are associated with thoue zones

made of 0.003 inch Mylar, which were difficult to assemble satisfactorily.

The fact that some of the 0.003 inch cone results agreed with the results

obtained for the 0.005 inch and 0.010 inch cones tends to support the

theory of inferior fabrication ard scatter.

[ _ _
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The net coinpressive stress coafficients for conical shells

appear, then, to be larger than those for cylinders having the same value

I p . At will be nuticed, also, that the results ior 60 degree cones are

larger than those for 30 degree cones. This might hiave been expected

since the parameter ý , found to be significant for axial compression and

internal pressure, ik vwry likely an irnporto*nt para,-.ter for bending and

internal pressure as well and is considerably smaller for the 60 degree

cones than for the 30 degree cones. Theze is some indication in the

results for 30 degree cones alone that there is an increase in the net

compressi've stress coefficient with decreasing values of r , but this con-

clusion is masked by the scatter in the data.

D. Interaction B¢,tween Axial Compression and Bending

Tests wure performed on a single cylinder and a single 3C degree

cone to determine the effect )f pressure on the interaction curve for bend-

ing rnrnet~t and axial compression. The interaction curve was first obtained

for the unpresourized shell. A constant amount of pressure was then added

and data --gain obtained for bending and axial compression, axial compres-

sion ana rno moment, and for several points in between these two limits.

The procedure was repeated once more for an additional increment of

internal pressure.

The data obtained are given in Tables 13 and 14. The pressure

loading oh the 'end plate (the small.end of the cone) was subtracted from

the ,tal compression load coefficient C. The nominal maximum compres-

sive stre_-- 'lue t- he bending moment was used to determine the bending

moment coefficient Cb* The data was then put into the form of a stress

ratio by dividing the axial compression load coefficient C by its value for

the case of no bending momnent, ai.I the bending moment coefficient Cb by

its value fcr the case of no net axial stress (Cb at C = 0). The determnina-

tion of the ,,alue of Cb required interpolat'oa of the data.
a
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The interaction curves for th.• cylinder are given in Figure 38.

It can be seen, that, for the values of pressure considered, the interaction

curve betweeni bending moment and net axial force is v.Cry well appfoxi-

mated by a straight line. When the curve is extended into the axial ten-

sion region there is a definite departure from the straight l;ae, such that

the addition of tension is more beneficial to the moment carrying capacity.

A study of the experimental date for bending and internal lateral or hydro-

static pressure indicates that at higher pressures the interaction curve in

the axial tension region should he merely a continuation of the utraight line

for the axial cnnipression region. The nonlinear interaction curve in the

tension region might persist, however, for" values of p* less than about 10.

The bendiL g-axial compression interactioa curve for the conical

shell having a semivertex angle of 30 degrees, shown in Figure 39, is

different from the cylinder interaction curve. The curves for the three

values of the pressure parameter coincide remarkably well and lie above

a straight line connecting the end points. In the tension region the inter-

action .urve lies bieiow the straight line. Similar results, for somewhat

lower values of the pressure paranieter, are given in R'eference 6 for

11-7 PH stainless steel cones.

It appears reasonable to conclude, despite the -.nall amount of

data, that a straight line interaction curve is adequate for pressurised

cylinders in bendibg and ax•,i compression. The corresponding cur, e for

prehsurized cones lies above the straight line and is probably a function of

or inure cone geometry parameters. The use of a straight-line inter-

action curve for conical shells would be conservative, bt adequa.e foi

design purposes.
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Table 11. ]xperirnental Data fcr Pressurized Mylar Cylinders in Bendi.;

0 01 1jq 7 w1 [" 1 . L•4
""13 1",3 .405

9.94 j1.4 94111 1 8.91
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Z04 9.9 #.0I

0.4047 1: "1101999

70300 0. 1 .93.40
I I ~ 1.11

0.101 1:09 'All ~ :
0.0 oil4 1.7 11 09 4 I 9.4 11

I .01'. S."9 41.44 1 10.1

9.49 1 6.81 5,11.4 9.074

9.04 1 .4 S.469 90. 14

0.001 3.0.0. *.9 90,
9.09 a.4 4.08 904

1.608 4.010

0. M0 0 400 700.000 0.S84 8.01.74 .644
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V. 00,3 bo 103 7.008 13 ____ 3
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9.14 91 .0 4.99
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9.--- 9.1064..44
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9.430 S.49 047 60

9 9.796 3 1706 063 91
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Table 12. Erxperimrental Data for Pressurized Mylar Cones in Bending
(Hydrostatic Pressure)

,.90 100 ,000 0 4 0.41 1 .$71 0"0.11 1.17 *.04 
9.1

Ms9 20 N.18 .0.2
0914 70? of010 •0

0.170 1.14 1.944 9.19
1.114 2. 9 * . "1 0.0
1.4",1 31139 1.9VIA 11.14
1.49S 3.61

0. 00D) t. % 20.000 0 476 0.40 I, 9 3.441
0.3$78 O.W 1 . 420 1.89
0. 697 0.29q 1.1*2 4.2•9

09, 0. 1II 9.0 0
II0.00 2.7 2.9, 20| 00.70
1.119 1.00

0.401 1.44 00,000 0.294 0.10 0.770 1.1,
0. 317 0.2 -".81 1.49

0.j:9 0. 0.9411 1.74
0. 0.4& 4.us
O.47T 0."2 1. 2.12

0..) .23."
0.929S 0.91 2.lS.91I
0.931 0.64 1.Io14 .109

0.9671 0. 94 I1.393 £. 4411

0.001 1.45 700.000 0.993 . i.0.1 I.O19 0.4
Ns00 0,12 .08 .74

0.82 0.412 1.011 0.9'
0. 940 0.S 1 .03)4 1.8

0.001 1.49 70,000 0.01.w 0.41 0.8 1.14
us 0.A 0.12 0.:941 0.43"0. 91 0.2 1., 1.3 3.7

0.4 9' 0. ?a i.9.611 A.

0.727 1.01 1.20 2.19

0.001 2. 7L0.000 0.45 0.2 4 0.76?

0.771 O 1 O19 .0 111 1.01030. 1 8.41 0.7.7 0.90
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Table 12. Concluded

| I I I '

0: '.S'j 6- 9b
1 p1p*

0,0 3 01

7 20,000 0.48b 0 0'.$. L 014

0.91409 0. 1.49 0 z. Z

'0.971 0.8 .77 3.52
3.027 0 .6 I.963 3.75
.073 0.74 2.0s0 z .98

1.163 0.8-3 .•1.4 3.0C
1.040 0. 3.,.9 3.43
1.3,1 1.03 2. 176 3.66

0.005 Z.90 720.000 0.ST5 0.00 0.86l 0.30
0.808 0. 57 0.889 0.44S0. 00 , 1. 467 U•0. 000 0. 494 0 0. 990 0, 47

S0.446 0.04 1 .H OnI6 slq
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0.6.3 .. 15 G..314 0.69
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OIL8 0.) 3.:40.5 I:.16
0.952 0.421
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Table 13. Ecperin.antal Data for a P'-eastirized Mylar Cylinder under
Bending and Axial Compression

lbs, lbs _ _J 1i4-

(a) P 0 psi, Pi= 0.0

53.2 J0.20 .000/ 0.0 0.000 0.000

47.3 0.178 0.886 9.Z 0.017 I 0.0-t6
41.4 - 0.156 0.776 2S.7 0.048 0.214
35.5 0.134 0.667 39.0 0.073 0.326
29.6 0.1 12 0.557 5 5.6 .15 046

u3.7 0.089 0.443 0.1.9 0.531
17.7 0.067 U.333 82.4 0.155 0.692
11.8 0.045 0.224 98.8 0.186 0.030

4.9 0.022 0.109 112.1 0.01I 0.94Z

41. 0.000 0.000 1188 0.224 4.000

(b; p 0.5 psi, p 0.ý

U.. 09 1 0.6 0.0 0.000 0.00r

116.3 93.2 0.352 0.898 19.0 0.036 0J.46

94.6 69.S 0.062 0. 61 68.4 0.16 0.830

71.0 45.9 0.171 0.441 122.t 023 1 0.946

47.3 .. 00.084 .0 173.0 0.i.4 0.778

23.' -3.4 -0.005 .13 245.1 0 462 .

"0. -Z51I 0,09SL- 0242  2911. OSS 1.342
( T) p *- 0.5 &, p *. o.,'-H

174 5 124. 0• 9 0 90 0.07

1 1 94 97.6 0.369 U.785 65.4 ;0.129 0.40

13 l.) 68.0 0257 0.545 1 33.0 0.253 0.466
88.7 45.4 0.145 0.309 197.6 0.373 0.694

591. 6 1 0.03) 0.070 '60.3 0.491 0.914
'.b _2 7 ,6 / o7&i A7. If4l O I1. Is 11.00

01.• 6.0 IS" 0.W$7 0.4 -A, 1 li}. O,-2 1 0. 461ISo

1(K5075 in., 4 • in.. L N in.. L 7 §OOp0pal
CZ 0.415

I 'L z. 5 31

I0



STL/TR-60-0000-19425
Page 138

Table 14. Experimental Data for a Pressurized Mylar Cone under
Bending and Axial Compression

P p " aR T 2 C. c
p3'p I cJbm lbs ini)

(a) p psi, r 0.00

0.0 0.000 0.000 43.2 0.360 1.000

Z.9 0.035 0. 136 I 39.2 0.3V7 0.908

5.8 0.070 0.Z7Z It I 0.281 0.781

8.7 0.105 0.409 29.4 0.Z44 0.678

11.6 0.141 0.549 24.5 0.205 0.569

14.5 O,176 0.685 18.9 0.158 0.439

1 7.4 0,210 0.817 t 1.8 0.098 0.272

2 [- _ 0.257 1.000 0.0 0.000 O,000

(b) p 0.5 p;, p =I."

0.0 -13.2 -0.161 -0.3O0 107.2 0.896 1 .201

5.8 -7.4 -0.090 -0.168 100.5 0.840 1.127

11.6 -1.6 -0.020 -0.037 91.9 0.768 1.031

17.4 4.2 0.050 0.09) 82.0 0.685 0.919

23.2 10.0 0.121 0,22t. 73.9 0.617 0.828

29.9 15 8 j 0.'91 0.I1.7 64.9 0.542 0.728

34.8 2 O.6 0.2bi 0A '.J4.8 0.457 0.613

40.6 27.4 0.332 9.-'Z I -14.2 0.369 0.495

46.4 ,3.2 C.,4, 0 ' .3.4 0.275 0.369

52.2 39.0 0.472 0.ti' 21 .tZ.'c 0.175 0.235
57.4 44.2 (.

5 3 5  
[ 1 ,. 0.000 0.000

(C ) p = 1.0 , t 11

0.0 -26.5 -0.321 6..O. •. 11,2.9 1.361 1.444

2.9 -23.6 -U.2;85 -0,44' 1:5.9 1.269 1.347

8.7 -17.8 -0.215 -0.331 1.12.1 1.187 1.266

14 5 -12.0 -0.145 -0.22' 1i34 J L.126 1.195

20.3 -6.2 -0.075 -0. & 16 i2z.5 1.023 1.086

26.1. -0.4 -0.005 -0.008 113.3 0* 47 1.005

31.9 5.4 0.066 0.102 - 10Z.q u.860 0.91 3

37.7 33., 0.136 0.21 1 93.1 i 0.779 0.8Z6I.,
43.5 17.o 0.206 0.320 82.1 0.b86 0.728

49.3 22.8 0.277 0.430 71 .1 0.599 to.636

55.1 28.6 0.347 0.539 61.., 0.512 0.544

60.9 34.4 0.417 0.648 SC U u.41i 0.444

66.7 40.2 0.487 1 0.756 37.3 0.313 0.333

72.3 46.0 0.558 0.866 25.7 J 0.21k 0.226
19.63,1 .... t O 3 r., j 0.000 0.000 J

) 8 U 30C. t a 0.005 in., R a 2.90 in.. R, S 500 in.. E a 700. 000 pat

t C.. 0I0.942
0
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X. CYLINDERS AND rRUNCATED CONES UNDER UNIFORM,
EXTERNAL HYDROSTATIC PRESSURE

The problem of the buckling of conical shells under external uniform

hyerostatic pressure has been studied theoretically by many investigators.

The various investigations are summarized irn Reference 41, which also

presents the results ot a more accurate independent analysis. The con-

clusion reached in Reference 41 is that the critical external pressure of

a conical frustum is approximately equal to a factor times the critical

external pressure of a cylinder having the same wall thickness, a radius

equal to the average radius of curvature of the cone, and a length equal to

the slant length of the frustum. The factor is a function only of the ratio

of the end radii of the cone and increases from 1.00 for the cylinder

(1- RI/R 2 = 0) to 1.22 for a cone with 1 - RI/R 2 equal to 0.8 and then

decreases to about 1.17 for a complete cone (I - RI/R 2 = 1.0). Lower

values of the factor are implied by the studies of Niordeon in Reference

42 and Bijlaard in Reference 43, but these cannot be regarded as theoreti-

cally accurate since Niordoon makes many approximations of unknown

effect i:, his analysis, while Bl'jlaard's values are based on intuition.

A. Test Technique

The tests reported in the present section were dc igned to

explore the conclusions of Reference 41. The Mylar specimens were first

fixcd in the upper clamping fixture (see Figure 6) and then placed on the

inner portion of the lower clamping fixture which was raised appro'ximi.tely

two inches above the base of the loading fixture 'by Lwu parallel rectangular

blocks. This prevented the bottom of the cone from pressing on the base

of the loading fixture. The outer portion of the clamp was then placed

over the cone and brought down loosely un the top of the inner lower clamp,

since it was discovered that if the lower clamps were fastened by screws.

dimples appeared and produced premature buckling as the coned were

loaded. The equivalent of external pressure was supplied by evacuating

the interior of the specimen by means of a vacuum pump until buckles

appeared.

IN
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A number of thin-gage and thich-gage cones of various semi-

vertex angles were tested with the outer portion of the bottom clamp removed.

It was disc<,,ered that as long as the cone was dimple free, the buckling

pressure was the same for the 10, 20, and 30 degrees whether or not the

outer bottom clamp was placed over the cone. For the 45 and 60 degree

cones appreciably higher buckling pressures were obtained with the outer

portion of the bottom clamp placed over the cones.

B. Results and Discussion

The data for the various tests are given in Tables 15 and 16 in

the form of corresponding values of pcr /p and I - R 1 /R 2. Values

of Pe for the average cylinder were obtained from the analysis of

Batdorf in Reference 44. In the notation of the present pape-

(18)
S1 + t n 2

EIi +;I.LIav Jwt a Py t

- av!

The number of circumferential waves K- was varied until a minimurn

value of p was obtained.

Lot us first consider the cylindrical specimens. In Part (a) of

Table 15 -orrespondLng values of Z and C are given for the specimens

and are compared with the theoret~cal curve of Reference 44 in Figure 40.

Also shown in Figu"., 44 are the experimrenTal rnsulte of Windenberg and
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Trilling (Re~ererice 45) and of Sturm (Reference 46). It can be seen that

the scatter of the present Mylar and steel rzsilta is of the same order as

that obtained previously for aluminum and bteel specirners. Part of the

scatter for the results may be attributed to uncertainty in the modulus of

elasticity, for which an average value was used for each thickness. How-

ever. there are at least two additional sources of scatter which should be
noted. One factor is the effect of initial imperfections, which has only

recently been explored in some detail. While initial imperfections of the

shape of the buckle pattern have been found to have oraly a small effect on

the critical pressures Kempner has noted that &,symmetric imperfections

may result in significant increases or decreases in buckling pressure.

The data available is insufficient, but a groapingof the Mylar data indicates

a possible dependence -n radius-thickness ratio. A second source of

error is the difficulty it, some cases of defining a buckling pressure. For

the thicker cylinders and cones, buckling was well defined, with many

buckles appearing suddenly at acme critical pressure. With the thinner

cones however, buckling occurred in a progressive fashion, with an

"-,i buckle ,.ppearing at a low pressure, a few more at a somewhat

higher. pressure, and still more at a higher pressure. The definition of

buckling pressure for these cases was, as can be seen, a matter of

individual judgement which may havo varied from specimen to specimen.

The results for conical shells are shown in eigure 41, together

with values obtained by other investigators (References 47-54), which
theoretical results of References 41, 4%, and 43. We see from Figurs 41

that the scatter of the data is too large to verify the trends indicated by

the theory of Reference 41. The results do indicate that Niordsoi's

approximation yields a fairly good average fit to the data since the

scatier about the line pcr/po Z I is relatively uniform for both cones

and cylinders of many materials over most of the range of I - R I /RV
Since most of the results fall withia 80 percent of the line p/0 a 1, it is

recommended that both conical shells and cylinders be designed by the

formula

Unpublished paper by J. Kempner, presented at the 10th Inmit•,,atinnal
Congress of Theoretical and Applied Mechanics, Stresa, Italy, !! Auguat.
8 September 1960.
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Pc r = 0. 8 Pe (19)

where pe can be obtained from Equation (18) or from the approximate

relation

0. -'2 E (20)

The similar ouckled shapes of various cylinders anti cones art

shown in Figure 42. It can be seen that the point o0 maximum deflection

has a tendency to shift toward the large radius of the cone as the small

radius decreases, a4 predicted in Reference 41. The number of circum-

ferenttal waves obtained experimentally is given in Tables 15 and 16. The

coi'uted value of ri shown is the number n, which yields the lowest value

betwcen the number of buckles given in the two column# Is fair, the experi-

mental result beihg somewhat lower in most cases. It is interesting to

note that, while the theory of Reference 41 predicts an increase iW the

wave number n from t'iat given by i cos a for values of - I/R

greater than 0.6. the experimental results do not indicate any such

phenomenon.

t3
iV
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Table 15. Experimental Data for Mylar Cflinders and Cones under
External Uniform Hydrostatic Pressure.

I 0' Rt'L/R~~inch) I cr (xperimntal) (com1utod) Z C

0.010 690 400 1 0.0895 10 1 382 I7S2
0.010 690 400 1. 0187 9 1 382 16.2

0. 0075 770 533 0.963 11 13 500 23.1
0.0075 770 533 1 1.079 11 13 508 25.4
O.005 75o 80o 0.862 11 14 76! 25.4
0.005 750 600( 0.941 12 14 763 27. 1
0.005 750 800 1 0.740 -- 14 763 ZI. 3
0.005 75G 600 1 I.161 -- 14 763 33.S
0.003 775 1330 1 0.967 13 Ib IZ7 36.0
0.003 775 1333 1 0.901 13 16 1272 33.5
0.003 775 1333 1 0.901 13 16 1272 33.5
0.003 775 1333 3 0.002 13 16 :2Z2 32.8
0.001 1 775 13,3 1 . 844 13 16 1272 31.4
0.003 1 775 1333 1 0.946 13 16 IZ72 35.

"" 750 600 1.3 1.078 -- 1717 46.61
. olu 690 400 2 0.991 6 9 3526 39. 5
o0.o0 690 400 2 0.969 6 P i ;?6 37.3
0.010O 67% 400 2 1. ZZ7 6 9 1526 5f.o0
0.010 675 400 2 1.340 6 9 15Z6 54.6
0. 060 762 500 2 1.094 S 9 1908 49..

0.00o0 712 50 oo. 22 9 140U 56.1
0.0075 go0 5s 1. 20 9 9 2034 %1.4
.0075 S00 S33 9 !6;4 9

0. 007 770 533 2 0.98) 7 9 Z014 *6*•
0.0075 770 533 2 0.8!1 7 9 2014 36. 1
O. 0050 ?50 600 2 1. 0 a 10 J05o ' . 3
O. 0050 750 6o0 2 .951 6 !0 MOI3 S..*
0.0050 750 ?00 2 0.787 -- 10 1 ", 45. )
0. 00:0 77, 133 2 1 043 9 1. S0"6 77.6

0030 775 3)J3 a A.977 9 12 SO 72. 7
0.0100 6"0 400 3 1. 354 .W.. 14 62. 7

R s 4 jack.. i. all case..

e
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Table 15. Continued

(inch) )P.3i)jPAY/t I/pay I - PI/F(2  Pcr/p (.xerimental)LCoptd

(b) 4 '0'

0.010 690 455 1.44 0. 20 1.316 ....

0.010 690 455 1.44 0.20 1. 227 --

0.003 775 I515 1.44 0. zo 1.043 13 13 -14

0.003 775 1515 1.44 0.20 1.081 I1 13 - 14

0.010 690 393 3. 1 0.45 1.150 6- 7

0.010 690 393 3. 3 0.45 1.097 5 6 7

0.010 690 393 3. 3 0.45 1. 149 -- 6 - 7

0.010 690 jq, 3. 3 0.45 1.208 -- 6-7

0. 00' 70 M 186 3. 0 0. 45 0.960 6 7-g

0.00S 750 786 J. 3 U. 4 I. .029 6 7-i

Q. 0fir 750 786 3. 3 0.45 0.927 - 7-S

0.00 ' 750 786 3.3 0.45 0.943 -- 7

0. OS 7SO 786 ). O.45 064 - - -

0.003 77S 1330 3.3 0.45 0.9946 7 8 -

0.003 775 3330 3.3 0.4S 0. 97 -
0.002 740 1970 3.3 OA. 4. $84 , 10

O.0oo ?7O 1970 . O.A45 0. 864 7 9 10

0.00S IS 's 1 62 ~.79 n1k ! . Z05 .

0.00S 750 762 . U.50 So1. ...

0.003 77? 1270 1.79 0.50 .O110 7 7-*

0.003 775 .O 270 . 7, V.$O 1.05 7 I.? -

0.002 740 1650 6. I 0 0. 70 0.684 5 4 -7

O.0oo* 740 1650 6.13 0.70 0.664 ?6

R I. S acke. in sal cases.

I
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Tabl-a 15. Continued

inc1h) Opel v expe r rme tits T (predicted)

0. l ` I I . 6 ,1

S0. 0 1 [0. ?U 0.97 7| .O -2 1

•o o 0,,÷ 1' I rJ€, 1.2 u• . •,) i. u')4 -~ - 0

0.01 " bq) 40Uv I., I .UAI I,2 T-- "- I
F.010 . U U )

. U 10 'O 4.10 .)i $ 0. I. 094 [ --

0.01to 640 400 1-I0) 0 I.U So 7

IJU 0. Ul u I t u , " I ) i k1 1 0;- i
0. ,' 4t0 1.55 7,•t I I

U. Ulu ( ,,to 40oU I. Ila o. S,0 1. 02.: 1 7 0 -

,1)'. , 500 Q. i .6, .- 50 I

(. O s,, t•,$ d.. i UL.A s.. If , 10- Ujtw I Ou t) OA .Us 10 11

J05, |;'| S L, 41 . ",) .jqt 10 •

Ij 1:0 1 . I UIu j
IS. U' s 7? 1$1 0. "jJ. 0U. U04 74U :'1UU o. S ui U. *VO U- •

0.00.1 740 ,t) .J')

0. Li.J U. ; .l.u 1.1-, -- -

0. 0l U 141. it, 1. 1 I.

0. 0o V*0 it .'. , . I.-
00OS ?'O € M" 44 • , 0 J ."1 1

? 4OZ 7 0 1 7 0 t ' J . ; u U. , l .V :

K1 S• tnchso tIt a~ll cas~es.

S

a'm
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Table 1 5. Continued

J El x a' 10 jj - n~ --
e~nh) P60 pa" "'pa I t~xz pl. aporimantal) (predicted)

(4) . .

0.00) 77S 3175 '.0 U 20 1 . 166 21 £1
0.003 771, 17 S 'so0 0. 20 3. 195 z3 I02
U. 00S 750 1041 0. s0 0. 20 0.~6 VI -

0.010 49,) S I 0. SO 0,20 1.) W.

0. v0) 177 1410o 1.1 S 0. so 0.929 1 1 i.- 14
0.003 T75 14i0 1.is 0. so 0.948 11314
0.005 750 1 i sa 3.5 .0 s j. 917
11.010 440 42 3.5 .5 .0- -

0.00 DOZ AO 020 3.46 1) 306

0. '02 740 20.30 1.43 U. 0 U. 11 331

.0.. I150 1.45 60 it-
U. U00 030 to U. 0W# a
U 00i~ "s0 Ito 3. 46 1 . L -j U.It I 1 0 - I

0.00S 5 w3 145 4

0, 010 690 13 40 t. Q

0.010 *U if A

d6.o0 6100 4,3. 1.44 0. .j 1. Ila6

Q.01 3to 90 417~ 44 0.s

au......
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Table 15. 'Continued

t F; x 1 O" t Pp vi p/
(inh) av IS- .cre (exerimental) (predicted)

(e) a -- 450

0.005 750 1270 0.22 1 0. 20 0o. 843 20 22 - 23
0.005 750 1270 0.22 0.20 0. 784 21 22 - 23

0.003 775 1765 0.67 0.50 0.854 13 14- 15

U0.003 775 1765 0.67 0.50 0,.910 12 14- 15

0.0V2 740 1875 1.82 0.70 0.954 8 11 - 12i

0.002 740 1875 1.82 0.70 0.954 8 11 - 12

0.003 775 1530 1.08 0.70 1.034 9 11 - 12

0.003 775 1530 1.08 0.70 1.015 9 11- 12

0. 005 750 918 1.08 0. 70 1.002 --..

0.00r 750 918 1.08 0.70 0.978

0.010 Am 1'0? 459 1.08 0.70 1. 142

0 .010 690 459 1.08 0.70 1.215

0. 01) 690 459 1.08 0.70 1.134 ....

0. 002 740 2030 1.48 0.85 0.993 9 10 - 11

0.002 740 2030 1.48 0.85 1.053 10 10 - 11

0.003 775 1353 1.48 0.85 0.863 10 9- 10

0.003 775 1353 1.48 0.85 0.910 10 9- 10

0.005 750 812 1.48 0.85 1.029 8 8 - 9

0.005 750 812 1.48 0.85 0.951 8 8- 9

0.005 1 750 812 1.48 0.85 0.932 -- 8- 9

0.005 750 812- 1.48 j 0.85 0.928 8- 8-9o ..
0.005 750 'SU 0 .8 1. 044 86 9

0.010 690 40611.48. 0.85 1.044 6 7

0.010 690 406 1.48 0.85 1.065 6 7

0.010 690 406 1.48 0.85 1.181 -- 7

0.010 690 406 I. 43 0.85 1.181 7

0.010 690 406 1.48 0.85 1.251 7

Ri R2=5 inches in all cases

I
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Table 15. Gjutluded

t E 10~ f A bt A PC F, Pt
Ouchi (ek '' I e.qevim.-akl (pro ktod)

it) 60,

01 10 Soo 0. )s~ 0,i4
0." sS . )11 O. so 0.811 10 13- 14

0.00 60s .) .50 0. 7" -- -

0.05 s 3040 0.. . TO 0.14 Tel0

0.00, .0 Is" 4 0.62 Q.' 1 0.6"1 10

10. 1I hq 0%0 U. a/ 0.7TO 1.S'd4

001 0.6 to .~ 0! It

t). Zý to :ro 0. 77 0. so!

O N 1bo ! 00 . 7 1 .0 %9

froOn I V is.0

-lie
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Table 16. Experimental Data for Steel Cylinders and Cones under
External Uniform Hydroatatic Pressure

t E X10-6  
nv-~/2  cC1r~td

(inch) ýpwi) P.,t I f'Pa 1 IRZ IPcrp eprne peitd

= 00

0.010 30.3 800 1 0 0.9Z8 12 14

0.010 30.3 800 2 [ u O.s9u 8 10

0.010 30.3 600 z 0 1.015 8 10

0.010 30.3 jJ0 1 0 0.970 12 14

a = 300

0.010 30.3 810 1.48 0.60 1.270 9 10- 11

0.010 -u. 3 8!e 1.43 0.60 1.250 10 10-1 I
0.02 O 3O 0 3 405 1.48 0. 0;0 I. !06 9 0-9

0.020 30. - 405 I 1.48 0.60 0. 98Z 9 8-9

* 600

.01 ,0.3 i500 0.38 0.50 0,9
3

7 11 13- 14

0.010 30.3 1500 0.38 0.50 0.904 11 13- 14

0,. o0. 1 0. 6.". Q. 70 0.9.9 8 I0

Go10 30.3 1300 0.62 0.70 1.105 9) 10
0. o01a 30.3 1zoo 0.77 0.80 0.970 7 9

0.0 V 30.3 IZO0 0.77 0.80 1.) 8 9
0.02 30.3 600 0.77 0.80 1.04S 6 a

* 750

o0 o IZ 30.3 I Z5~5 U . , 91o ,, (.,_ !jj ..I, .

0.010 30.3 2318 0.36 0.80 0.941 9 -9.

0.010 30.3 2318 0.36 C'.6 0 0.973 9,8

0.010 30.3 2318 0.36 0.80 0.971 9 - 9
0.020 30. 3 1159 0.36 0.80 1.130 8 6 -_7_I

R7 8 incher for cylinders and iO inches for cones,
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R I R
•= 0 a =° •= 0
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Figure 42. E-v rrr,nenta1 Buckle Patterns for Cylinders and Cones

Under External Uniform Hydrostatic Pressure

N
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Mylar Steel

""R a 30I0 R-

R 0 R, a 4.• -. 50 a -45° -T f 0.85

'2

1" _rr. 42. Continued

S
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0a= 60
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Fig~ure 42. Conceluded
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XI. CYLINDERS AND TRUNCATED CONES UNDER AXIAL
COMPRESSION AND EXTERNAL PRESSUrE

The theoretical small- deflection behavior of cylinders under axial

compression and external uniform hydrostatic pressure is discussed in

References 7 and 9 and is more thoroughly investigated for both cylinders

and cones in Reference 31. The results indicate that -the interaction curve

is nearly a straight line for cylinders and becomes more concave down-

ward as the taper ratio (I -R I/R.) increases for conical shells. No

experimental data have appeared in the literature to deny o- confirm these

results.

The experimental program discussed herein is very limited, com-

prising 10 cylinders, ý cones having a 30 degree semivertex angle, and

3 cones having a 60 degree senmivertex angte.-The results for-cylinders

are given in part (a) of Table 17 in several different ways. For the pur-

pose of constructing interaction curves, corresponding values of P/Po

and p/p are tabulated. These are shown in Figure 43. It is apparent

that t-..,e sread of the dLLdt iu tiu great that no -s ingle interaction curvc can

be drawn. The reason for this spread of data is more readily seer. from

the values of P/ZrEt2 plctted as a function of p/p in Figure 44. Also
0

shown is the theoretical interaction curve obtained in Reference 3!. It

can be seen that, for values of external preesure near the critical value,

the data follow 'he theoretical interaction Lurve reasonably well 'Those

cylinders which yield lower axial buckling coefficients depart from the

theoretical interactioi, curve much sooner than do those which yield

higher values of the axial buckling coefficient. Thus the interaction curves

for cyl.nders undoubtedly depend on the radius-thickness ratio of the

cylinder and would require many more tests for their detailed establish-

ment. However, from the limi-ed data we may conclude that the use ot a

straight liise inte-action curve, or the theoretical curva, is conservative

p/p 0 could also have been used, but with sunitwhat more scatter.



STL/TR-60- 0000- 19425
Page 164

and, considering the w~ie range of values that might be expected for cylin-

ders having a given radius-thickncss ratio, adequate for design.

The behavior of the few cones tested was quite different in that an

unexpected phenomenon was encountered. Although the load carrying

capacity of cylinders always decreased when buckling occurred (with the

buckle mode remaining the same), such is not the case for conical shells.

It was found that for low values of external pressure, two distinct equili-

brium shapes could be obtained for approxiraately the same axial compres-

sive load. For larger values of the external pressure, the mode associated

with buckling was first obtained ai the axial load was increased. When

Luctk.Ling occurred, the load carrying.capacity would drop slightly but then

would continue to incrense beyond the buckling load until the second mode,

called the collapse mode, was obtained. In addition, the cones continued

to carry some load when the pressure was increased beyond the critical

value for external pressure alone, decreasing finally to zero when the

external prehsure that would yield the collapse mode was reached.

Ali iJlk tration of the buckle and collapse modes of conical nhells for

various external pressures is shown in Figure 45. It is interesting to note

that, except for the case ot axial comoresnion alnnp, the hirklp mode

shape does not vary much with external pressure and that th, collapse ,*ode

can be considered to be independent of load. The buckling behavior differs

somewhat irom that associated wiLh cylinders, iui which the buckled shapes

arc illustrated in Figure 46.

The experimental data for the conical ici"-" iq given in parts (b and

(c) of Table 17. In addition to parameters involving the buckling load P,

other parameters f.or the collapse load P 1 are given. The curves for P/P

and P1' as a function of p/po ori- 1hown in Figure 47 fn th. 30 drc O

cones anu in Figure 48 for the 60 degree cones. It ran bm seen that the

different physical behavior of conical shells is associated with interaction

curves that differ from those for cylinders. The buckling data

04 A.
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for the various cones are in fairly good agreemnent with the theoretically

predicted interaction ;urves. The collapse data indicates that the pheno-

menon is a function of the ieinivertex angle since the collapse loads for

the 30 degree cones differ from the buckling loads at pressures greater

than about 60 percent of the critical value for pressure alone, compared

to pressures greater than about 20 percent of the critical value for pres-

sure alone for the 60 degree cones. The 60 degree cones are also seen

to have collapse load ratios larger than those for 30 degree cones, as

well as a larger collapse pressure ratio.

When the values of P/2Et 2cos2 a are plotted as a function of p/p 0

(Figure 49) it can be seen that even though the axial load coefficient for

axial load alone is of 'he same order aR those for the smaller radius.-

thickness ratio cylinders, the shapes of the curves are quite different.

The cone data indicates a percentage reduction in the axial load parameter

which is almost independent of the pressure ratio (h1nce, yielding almost

a straight line interaction curvej, whereas the cylinder data (Figure 44)

, di,•ate.s agreement between theory and experiment for pressure ratios

near unity and an insensitivity to pressure for pressure ratios hear aero.

It is evident that considerable theoretical and experimental work

remains to be done to explain the differences between cone .nd cylinder

behavior under combinea axial compression and external pressure. The

limited results do indicate, however, that a straight line interaction ctirve

is sate tor design. purpose.
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Table 17. Experimental Data for Mylar Cylinders and Cones under Axicd
Compresoion and External Unifnrm Hydrostatic Pressure.

(in.) (p) Py y PlP P/P, ! P2Et2 co a pip

(a) a = 00

0.010 690,000 400 3.0 1.000 0.000 7 0.-69 ' 0.000
0.992 0.161 0.267 1 0,217
0.943 0.323 0.255 I 0.437
0.856 0.484 0.231 0.655
0.769 0.646 0.208 I 0.875
0.610 0.807 0.164 I 1.092

I 0.396 0.887 0.108 1.702
0.107 0.968 0.029 1.35o

4o0.000 1.000o 0.000 1.314

0.010 675,000 400 ?.0 0.000 1.000 0.000 1.340
1.000 0.000 0.290 0.000
0.982 0.139 . 0.:985 0,1!

i0.971 0.279 - 0.Z82 0.37Z
0.967 0.416 0.281 0.558
0.952 0.554 0.276 0.744
0.849 0.695 0.246 0.930
0.537 0.834 0.156 1.116
0.179 1 0.972 0.052 1.303
0.154 1.110 0.045 1.488

C05 750,000 800 2.0 1.000 0.000 0.163 0.000
0.958 0.169 0.156 0.132
0.942 0.337 0.153 0.265
0.848 0.505 0.137 0.398
0.791 t 0.673 0.128 0.529
0.644 0.720 0.105 I 0.566
0.592 0.773 0.096 0.609
0.494 0.820 0.080 0.646
0.410 0.867 I 0.067, 0.682
0.334 0.913 1 0.054 I 0.719
0.258 0.960 j % A2 JZ 0.756
0.000 1 .000 0.000 0.787

0.005 750,000 800 1.5 1.000 0.000 0.184 0.000
0.989 0. 132 . 0.182 0.142
0.906 0.264 0.168 0,184
0.828 0.304 0.153 0. 25
0.722 0.526 0.133 0.566
0.547 0.661 C.101 0.712
0.506 0 726 0.093 0.783
0.453 0.792 0.084 0. 8 5 5
0.387 0.858 1 0.071 0.9"5

I 0.320 0.923 0.059 0.995
-. 0.253 0.949 0.047 . .023

0.000 1.000 0.000 1!.078

0.005 '50,000 800 t.0 1.000 0.000 0.156 -0.000
0.858 0.166 0.133 0,123
0.743 0.333 0.116 0.246
0.634 0.500 0.099 0.370
U.499 0.667 0.078 0.493
0.317 0.833 0.049 0.616
0.254 '0.897 0.039 0.663
0.222 0 922 0.034 0 682
0.!90 0:947 0.030 0.700
().ooo 1.. 0 0.000 0.740_
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Table 17. Continued

t E -1 PIP/ 
2

(in.) (Pei) Pav/t IlPav P/po / PtZwEt cos a

(a) a 0 0

0.005 750,000 600 1 0 1,000 0.N00 0.210 0.000
0.872 0.2(14 0. 18Z 0.237
0.730 0.408 053 0.473
0.625 n ý10 0.130 0.709
0.365 0.814 0.076 0.945
0.200 0.915 0.042 1.062
0.129 0.960 i 0.027 1.115
0.000 1.000 j 0.000 1.161

0.0075 800,000 533 Z.0 0.000 1.000 0.000 1.220
1.000 0.000 0.305 0.000
0.993 0.131 0.302 0.161
0.966 0.263 0.294 0.321
0.949 0.395 0.289 0.482
0.906 0.526 0.276 0.643

Rig;l 0o659 0.6ZAG 0.803

0.535 0.790 0. 163 0.964
0.343 0.922 0.105 I1.125

0.0073 800,000 533 2.0 1.000 0.000 0.253 0.000
0.000 1.000 0.000 t.253
0.939 0. 29 0.238 A. 161
0.850 0.257 0.215 0.321
0.757 0.384 0.192 0.482
0.737 0.513 0.187 0.643
010,716 0,44 0. I 0.803
0.534 0.770 0.135 0.964
0.270 0.898 0.069 • 1.125
0.210 1.025 0.053 1.285

0.0080 712,000 500 2.0 0.000 1.000 0.000 1.232
1.000 0.000 0.289 03000
0.963 0.125 0.278 G.154
0.909 0.250 0.26. 0.308
0.888 0.375 0.257 0.462
0.874 0.500 0.253 0.616
0.819 0.626 0.237 0.771
0.742 0.750 0.215 0.924
0•375 0.875 0.108 1.078

I_ __0.182 1.000 0.053 1.232

0.008 76Z,000 500 2.0 0.000 1.000 0.000 1.094
S1.000 0.000 0.315 o.oOU

0.988 0.131 0.311 U0.144
I 0.959 0.263 0.302 0.288I0.937 0.394 0.295 0.432

0.880 0.5Z7 0.277 0.576

0.622 0.659 0.196 0.721
0.261 0.923 0.082 1.008
0.141 1.051 0.044 1.151
0.111 1.185 1 0.0349 1.295
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Table 17. Continued

(In) Ep* pF,/1 lip PP pIP p/p P/IwEt 
2 

Cox PfwZ.I Cos a /p.p

(b) a - 309

0.0081 1 682.000 535 t.16 1 1.000 1.00 0.000 0 0.284 0.284 0,00:
0.10000 0000 -- 1.185

0.879 0.879 0.148 0.250 0.250 0.175
0.758 0.758 0.296 0.216 0.216 0.351
"0.637 0.637 0.407 0.101 0.181 0.483
0.517 0.517 0.555 0.147 0. 47 0.658
0.396 0.396 0.661 0.113 0.113 0.790
0,275 0.304 0.778 0.078 0.086 0.922
0.154 0.289 0.889 0.044 0,08z 1.093

0408Z 0.284 0.925 0.0Z3 0.0t 1.097
-- 0.231 1.11 0.0266 1.317

0.149 1.296 0.042 1.536
A0,111. 1.482 0.031 1.71,6

0.0082 650.000 493 1.49 1.000 1.000 0.000 ' ; 0.000
0.000 - 0.o000 0.000, 1.063
0.879 0.879 0.227 0.236 0.256 0.241
0.75 0.75 0.44 0 .21 0.221 0.241
0.637 0.637 0.591 0.186 0,106 0.628
0.SI6 0.516 0.727 0.151 0.151` 0.77'
0.396 0.3161 0.841 0.115 0.115 1 0.894
0.275 0.314 0.90. 0.080 0.091 0.966
0.134 I 0.79 954 0.00.082 1.015

.... . ,-O - 0073 1.063

0002 6Z,00 93 .4 1.00 1.0 0.000 00332 0.000

-. o018, 1,.136 -- 0.052 1.0
-- . 0.10 t, .364 - 0.029 1.450

0 1. 0.023 0.6919

01.636 0.600 0.403 0.3121 0.33Z 0.000

0.0004 08.6160 047901030

....... -:.00 o- !.!38
0. .a9 0.9- 0.058 0.29.t 0.29'1 0.066

1 0. ',75 0.757 0.231` 0.1 0 s .251 0.263
IJ 0.636 0.636 0.423 0.21 I 0.Z•1` 0.481

0.51`4 0.51`4 0.61`6 0.170 0.170 0.701

393 0.393 0.731 0.130 0.130 0.832
071 0.27 0.807 0.090 0.090 0.9t9
0149 0.190 0.922 0.049 0.063 1.050

0.109 0.1090 0.9zz 0.036 0.063 1.050
0.068 0.A94 0.922 0.0[3 -" "164 i 1.05

- -0 ,1 9 8 0 .9 2 2 .- t .0 6 6 . 0 00. 0 S 1 !.3t3

-- 0.089 1.385 0.09 I 1.576

6.010I 700,00 372 1.87 1.000 1.000 0.000 0.254 0.254 0.0
0.00 -- 3 .000 0.000 -= 14.0 03
0.871 0.871 0.388 0.221 0.2Z1 O.ZO,
0.769 0.769 U.255 0.196 0.196 0.Z!
0.668 0.668 0.300 (1.1`70 0.170 0.3341
0.543 0.543 0.525 0.138 0.138 0.554
0.440 0.468 0.600 0.112 0.119 0.666
0.363 0.403 0.688 0.092 0.,03 0.765
0.261 0.371 0.775 0.066 0.094 0.663
0.159 0.3Z9 0.850 0.040 0.084 0946
0.091 0.312 0.088 0.023 0.079 0.988

as7 .95- 004 6.80.:57 0.234 0.9*3 0.014 0.05V 1.0I61730IT 0.975 -•0.044 1. 008S

0.186 1.1ZS - . 0.0471 1,253
0.171 t.250 -- 0.043 2 391,
. . " 8 1.375 .. 0.Os1 1.531

.3 1`.500- 0.02 ! 1.670
• 0:0064 1:625jo 0.016 1 .M89
0.000 1 750 -0 0.000 1:945

S

Iw
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Table 17. Concluded

(in.) ~ (Pi Pa/ lip,, [/ 'O~ 'P' P/ZwEs
2 cog' a PIZt comZ a ,P

ib) . - 300

0.0100 700.000 375 1.87 1.000 1.000 0.000 0.230 O.ZlO 0.000I.000 o.000 O 0.00o -- 1.147
0.899 0.899 0.125 0.207 0 Z07 0.143

0.799 0.792 0.250 0.182 0.582 o.Z as
0.66s C.665 0.500 0.153 0.153 0.5,70
0.53S 0.535 0.600 0..23 0.123 0.664
0.397 0.397 0.750 0.091 0.091 0.856
n M4 n. n294 0.875 0.061 0.068 0.999
0.099 0.244 0.938 0.023 0.0S6 t.O'[

-- 0.212 1.000 -- 0.048 1.141
-- 0.595 5.125 -- 0.044 1.-84
-- 0.160 1.250 -- 0.0037 1.426

0.149 5.375 -- 0.039 1.569

0.154 2.500 -- 0.026 1.711" " 0.000 1.625 .- 0.000 5.854

0.0104 673,000 389 f.49 5.000 1 .00 0 0,00 0.280 0.280 C.c00
0.000 0 to00 0.000 -- 1.132
0.866 0.866 0.684 0.243 f.243 0. 2Z0!
0.745 0.745 0.394 0. 09 0.20 0.447
0.6Z4 0.624 0.579 0.175 0.:75 o. 65S
0.504 0:.104 0.715 n.145 0.541 0.60S
0.383 0.383 0.841 0.107 0.507 0.903
0..62 0.280 0.9z1 0.073 0.079 1.042

0.274 0.948 0.040 0.077 1.:071

0.081 0.260 0.974 0.019 0.075 1.105
-- 0.:6$6 .. 000 -- 0.072 17.3
-- 0.35 505300

-- 0.278 1.0584 0.066 5.3
- -0 .17 8 1:.1 4 C .0 10 1 .3 4 1
0..42 5.326 I -- 0.040 1.490

0.108 1 448 0.. .0030 1.640
- 0.057 5.579 -- 0.014 1.788

(c) 04 = 60 " 0

. 75 67 0.67 1.000 10.00 000 0.283 0.2.0

77.0 0.0 0.23 025

0.007 -j 7.000 0.000 
-0984

0.639 0.804 0.214 0.181 0.198 0,00.600 0.701 0.430 0.170 0.199 0.4130.402' 046193 0.7105 0,114 0.574 0.843
-- 0.552 1.07-- 0.156 '.023

0.459 5.430 -. 0.130 t.40t
0.3L0 .7 " 0.01 750

0.10 7C.0 L....i:... 055 255 j 0.0.....20

-- c~oo ,z, ou -- 0.0

0.00 0.0 -10 0.5 0.000

0.007S 778.000 goo 0.77 00 1".000 O 0.0 01.09
0.00 -- 1.000 0.000 0 .9bS
0 0.784 0.564 810. 90 .53 0.70C 0.430 0.134 0.177 0 123

029 0.442 0.SS7 0.7 0.161 0753
0. .6, 0.5660 .0.0752! 0.146 0845.

-- 0.341 0.z3z 0.056 1.Z31

04207 40.6 0.056 1.06

I f.23 , 9.-9. 0.074 75
0.589 2.145 00.035 4.109

7.| 0 ?0,0"00 GO 0.6.1 1.000 ooo .0.000.r - - 1,000 L .12Z4
A..k. 0.84-7 0.168 0.2;1 0.166S" 10.708 0.134 0.,2 1 d 'j.;13"6

0.599 U,.504 5.165 0,.56,4

0.522 089 69 0.5.67 0.75

I .L I.0__ 504! 0.752

0.0 0.0 .t56 0.845"0.4o ' 0.:16 0.143 0.93^ý
0 4.0 0 .856 0. 126 1 .g( -:

0,3013 1,003 0.118 I, 1a":

a I
0351 1.06 00 oO.307 . 70 0.09. 2.0•0.M18 ::.113 009 •6n 2 3 .9 .3 3 2z 0 .0 7 4 1 .5 -1,1 -2
0 . 189 1.504 O.OAR !.:
0.189 1.7 .:, .',

|~s
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0.6

0.5 _I

v,- I HEURETICAL INTERACTION

CURVE (REF 31)

04 .....- ..... V.......-.

04

G \

TD•

*0 ,4 06 0

Figure 44. Variation cf Axial Compresion (iCoefficievit with Rkternal
Pressure Ratiou

Il
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a. Buckling and

Collapse
p-- 0 psi
P 1- 2 lZOb

b. Buckling
p- 1.2 psi
P 800 lb

c. CoUapse
p W 1. 2Zpsi
P 800 lb

Figure 45. Variation of Buckle and Collapse Fatter,, for a Coai-al

Shell with Different Cownbitattone of Axl Compremos&*

and Wternal Pressure.

'!b
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d. Buckling
p . 8 pei
P = 400 lb

e. CoUapse
p = i. Spei
P a 400 lb

f. Buckling
p* 2. O psi
P ZOO lb

IrFgure 45. Cesmued

3

I
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g.. Collapse
p 2.0 psi
P 255 lb

h. Buckling
p ,Z' 3.0 1

i. CoUapse

,: 0.0b i

lTg1re 45. Concluded
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(a) j-= 1, 0 0
0PO

(b) P • 0.74, 0-. 2

p

(c) -p- 0.54, . 0.. 0,4

0Po

Fiagure 44. Variaoti of DeBckle Pattern• for Cylindare with Difemt
ComibLiation@ of Axial Conpreseslos and EKrt-l'r Ptressure

S
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XII. CYLINDERS AND TRUNCATED CONES !N TORSION

The stability of cylindrical shells under torsion h~as been

comprehensively reviewed in References 55 and 56, which summarize the

"voluminous literature on this problem. In essence, experimental results

are, on the average, about 16 percent below those predicted by the small-

deflection theory for simply supported cylinders, while individual tests

are as much as 40 percent below. Large-detection theory indicates that
initial imperfections should have some effect, although not nearly so much

as- for axial compression; but no attempts appear to have been made to

correlate the data with radius-thickness ratio and length-radius ratio.
For moderate length cylinders, critical t)rsion loads are given approxi-

mately by the equation

-WV a1.702 V TZ (21)

It is generally recommended that deslgh values be taken as about ?S per-

cent of the values given by Equation (2).

Truncatýd conical shells under torsion have only recently been

treats, as in Reference S7. The an&lysis presented thereia~aiIcates that

the critical torsion load is very closely equal to that for :-i equivalent

cylinder having the same wall thickness. a length equal to the axiai length
of the conical frustum, and a radius given by the relation

f - I/ ÷ Z - 1/21

Thus Xaquation (12) may be usod for moderate length cones. pravied that

R. is replaced by p in the parameter Z and wherever else it eaplicity

appears.

% -: rim, oentl data have been avq table for .t* verificetlm of the
theox y in Reference 57. other thae the few. somewhat laesoi.l.ve tests

I
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reported in Reference 58. Therefore, exploratory tests with steel

cylinders and cones were made to provide some preliminary data for the

assessment of the theory. The material used for the specimens was 0.010

inch thick 1020 steel and 0.020 inch thick 4130 steel with a compressive

yield stress of 39, 000 psi and 77, 000 psi respectively, and an average

Young's modulus of 30, 000, 000 psi.

Experimental critical shear stresses are given in Table 18 and are

there compared with analytical predictions. These were obtained from

the torque by the relation

T max - (23)

For the conical shell-, this gives the maximuum shear stress which occurs

at the smallest :rose-section. The analytical predictions were obtalued

from Equations (21). (22). and (23). The results for the cylindrical shells

are similar to those obtained by other invtstigators. The reaute for the

conical shelle are in about as good agreement with conical shell theory as
those ',r the cylinders are with cylindrical shell theory. We may there-

fore conclude that the theory of Reference 5? is adequate for the design

of conitai shells, proviled that the theoretical results are reduced by the

factot used for the design of cylindrical shells.

An additional factor of some interest is the buckled shape of

cylinders and cones in torsion. In Table 10, the observed number of cir-

cumferential buckles is compared wit, the number predicted by Axte: pole-

tion and extrapolation of the results of Reference 57. The observed

ni-mber of buckles appears to be always lose than the predicted awadbor.

but the agreement is fairly good. The exporimewtal buckle patteMrn are

illustrated in Figure 50. It is interesting to note that while the buckles

occur over the erdire length of the cylinders, they appeor to concetrate

sear the email radiue of the cones a the come leogth increases, alihbegh
the derived critical torrion load depends on the leogth of the epecimon.

9
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XII. SUMMARY AND RECOMMENDATIONS

As a restxlt of this program, a number if concepts coAlcerning

cylindrical and conical shell buckling have been clarified and some new

problem. , equiring furthcr :•;'= ion have been uncovered. As in

many complex problems, a satisfactory solution depends upon a close

assiciation of careful experimentation and sound theoreticai studies.

Theory is useful in establishing the significant parameters and experi-

ment is required to check the accuracy of the theoretical approach and

to point out phen•omena which havc either been ignored or not sufficiently

well considered in the analytical approach. The nature of the shell

buckling problem seems to be such that while the theory correctly pre-

dicts the important parameters involved. design buckling load* must be

found b) experimental methods since the current theories cre not suffi

cient to determine exact numerical values of the parameiric coefficients.

En the subsections which follow, the state of knowledge coacern-

~iaa*1ý' 'aadizi co.Ii i2 sumrte -oih hA& Cbtart of poinding out

what is known and where there are areas requiring 4,ditionaI theoretical

and experimenA/l studies.

A. Axial Compression

ANtbough the monocoqute circular cyllnder w~er a madLorm

aZxal-load is one 9f the simplest of shell configurataona. Ad is one Wkich

han been studlicd by many investigators. a completely eaisleactory sWsa-

ion to the problew Ps not yet available. I h. boe, flnotd thAt many

factors combine to datermiae the bucaling I*e& of a ParticWlar cylif ioe,

These include the care in ftabrication. the patience sa o"qeriosee ot the

invoetigater. sad Coeditions Ol Ihe test SpatinW•. initial d4eW*rmntiV.e

plastic strain nuclei. ete. Vorteately. it apeers tihat there eQiet*e

l1ariy d4firnte 15owor bound to the buWkling stress for cylinders w'6cb

buckle at streosse in the elastic rogia.. Tbio lower bowd eaa tbherdeot

be wsed 1W deals* P"ipooe with a reesmloe "oaosgoe t"ht the

ttr*ctaro Wil he ea641. A diewiminAtkIg cemparioom of nve.imle da1t

q



STL/ TR-60 -0000 -19425
Page 185

indicates that the lower bound for the variation of the bvckLng load with

the radius -thiclmese ratio of the circular cylinder is reisonably well

described by the relation

- -9 (Z4)
2uEt -

for R/t greater than 500 and for L/R's loss than approximately 5 but

greater than 0. 5. A relation that yields a better representation of the

lower boundCeurve for the entire range of test AU.ta,

100 < 4<000, (25)

has been found to be given by

0.606 - 0.546 1 - ( .Z6)
2wEt-

The effect of the cylinder leug is only vauely known at the present time.
since the number of testo investigating Wi factor are very few in number.

rThe correction suggeeted by Kaz'emitau and Nojia in Reference 15, on the

"basis of their tests, consists of the addition of the term

0.3

to Lquation (24). There to some data. however, that tend to indicate that

exparimental results for cylinders with values of LIP greater than 5

would yield results less than those given by Equations 0e4 (e (16). whereas

the combination of Lquations (24) sad (27) would not predict say such
effect. it would also be of interest to know whether %be observed increase

in buckling load for low values of L/It bear any cornistent relation o Ahe

increased theoretical Wuchling load for short clamped cylinders.

For design prposes, then, the sitmuat tsas Jflowe. Thereappare
to be no real resn to radlca-ly depart fm past do*Ap m eds provMisd that

thi range of cyU4der parameters does not e*e e"ase tested. Th baoLc

Nsnoml*.u-NeJbea formula, giving the MMImS-tbAoM10 ISatI e$900t. V&1tt
be replaced by ZqwAiou ("A), which would extend the lower Umi Of

applicablity ad tese dee1& methods.
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In order to answer some of the questions raised, it may be necessary to

undertake an extensive experimenlal program, under relatively constant

condition•, to determine a statistical design criterion which better

describes the effects of radius-thickness ratio and length-radius ratio.

This program should involve many identical specimens to give a reason-.

able statistical sample for each combination of values of L/R and R/t.

Care should also be taken to eliminate the poss.bilities of yielding at the

cylinder ends or overall plastic buckling and.tba. separate determinations

of these effects made with many differvnt materials. Future theoretical

work shotild include a better large-defection analysis, including the effects

of finite length, end cotidltions, and plasticity.

For conical sheais in axial compression the same arguments

apply. The data of the present report indicate that for desian purpose it

is adequate to modify a.quatione (24) or (26), and (227) in accordance with

the theoretical result of Roference 24, atid, by use oi the small rndium of

curvature and the slant length of the cone in place of the cylinder radius

and lenlgth. to obtain

o .6

P or 1 (e
2.t Cos a 606- 0.546 1-J + 0. 16

Tha loads calculated by this formula bear about the same relation to

experimental loads for cones is for cylinders. It would to advisable

however to investigate the effects of the various geometric parsaeters in

much more detail, in order to determine differences in behavior not

brought out by the present @et of experiment. In this respect It woub be

of great interest to have large-deflection studies of the pest-beckling

behavior. Lucludian initial imioerfections, to guide the .epeiimemte if any

great difference in behavior actually exists.
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B. Axial Compression and Internal Pressure

The results of the present program qualitatively verify the be-

h~avior of elastic, pressurized cylinders under axial compression predicted

in References 19 and 22, in that the load carried by the cylinder in' addition

to that carried by internal pressure increases to the value given b-y &-n.ll-

deflection theory for unpressurised cylinders. The variation of the not

load with interna pressure has been found to depend on the radius -thickness
ratio of the cylinder, and curveso suitable for desilln have been obtained.

TMa prodicteid load-pressure variation of Referente 19, based
oa a transfer of energy concept due to Tslen and calculated for an infinitely

rigid testing machine. overestimates the effect of pressure. It is Interest-

Ing to mote that the results of most of the in tigators, obtained from
specimens of different materials and with diiferent testing machines, are

: Imilar, Thoe.,reult. *sow t*At the concluflon reacked in Reference 19
and perpetuated in Kefereaces 30 and 31 4 hat the buckling stress of a

pies sunset cylinder is equal to the sum of the kac~liag lead of the tan-

pressu rlod I'Y'liader a"d an iucrament. due solely to pressure) is coincidental
*and that this oeocept should be abandoned.

ftr sufficiently high pressures the behavior CA the CIR"lner
pr'Or to buckling is in good flaantitativ; agroornant witth cAleulatlif%e based

on lUneavsed avlsymmwuetuic large-deflectica theory (the beam-tolusan on
:am elastic lotaadason), alsboogh some unesiplaisied anotaslies have been
fownd for the thicker cylindrs tested. At somne critical value of strain,

depeedet on Ase pressure andt he raia.tiheeratio, the cylinder
sh.ape slae a dim -hpdbuackle mode &ad the loadtst decreaes. Measured
load deflection cuArves chew that the Presently accepted solutiAn of "h lWIT-
deflostisal #uteaor diamond-shaped deformatios s nccrae
Wbother IMS is due to limitations of the ""ejiatl or to limitations of ta. 4 F

falistlen is aftaertain It is also ascertain whbether or aot it would be
acesseary a "Il" the large-deftectin oqisallas set a finite cylinder so
obsain gemed oegremst between theory old e~er~imnm.
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Experimental buckling load. for conical shells art~ in~ relativeiy

good agreement with those based on 3mall- deflection theory for sufficiently

high pressures but indicate that the end support :ondition may be more

important than for cylinders. Insuficient data is avucilable to enable design

curves to be recommended for the region of low pressure parameter.

One problem for future experimental investigations is the eff ect

of length on the results for cylinders (all ressilts were obtained for cylin-

ders having a constant length and radius). Much additional data is needed

fnr cones for varying values of small radius -thickness ratio. semivertex

angle. and length. Finally, the effects of plasticity need to be explored

.sirtra this factor placesz limits on the applicability-of th~e present results

to mestal structures.

C. Bending. Axi-.l Load, and Internal Pressure

The investlgation of the stability of cylinders and cones under

bending, with or without additional loads. has raised some rather puzsling

quest 'on. and leaido to the conclusion that this is &a %Tea not well under-

stood at the present time.

It ',a- been found that a good representation r1 the lower bound

of most - xcperimental data for purea bonding of c~lzinder &ad cones can be

representad iiy an equati.)n similar to Equatiou.") neglcting length

offecte. as

.0.606 - 0.443 (1 (29)

WEt R Coe a

This gives results quite different 'rom those *btained by multiplying the

coeffi,.ienti for axial compression by a :-uasUeb factor (such as 1.3. corr. -

manly used) for wutich there uo no actual justification. Tie !act that the

lower bound for bc ling is higher than that for axial cuiw' ,%eiefte casts

doubt en the commona asseu~mpt that poet-buckling A~..ter.eristice fer

banniag ure %&@ same as theese for &KWa comopr~esies- The 40setion

involved is t~t is: even is a prderrod buckliag location will. em the average.
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yield higher buckling stress coefficients, why are not some of the test

results for bending as low as those for axiai compression? The answer to

this question might be related tn the longitudifL ,e ._ lo ' t--.: i. It would

be interecsting to knor' if similar results would bc obtained if the seam

were arbiLrarily located, rather than at Lhe neutral axis of the cylinder.

Additional indications that further investigation into the behavior of cylin-

ders or cones in bending is necesdary are that the effects of pressure for

the two cases are different, and that tension and bending produce unex-

pected phenomena. The addition of pressure, vith the axial pressure

stress component counterbalanced by axial .-onop.'zssion, raises the maxi-.

mum compressive stress at collapse rt values which are above those pre-

dicted by small-deflection theory a..d which increase linearly with pres-

sure. The load-deformation curve, however, always exhibits a behavior

characteristic of the snap-through type of buckling- rising to a sharp peak

and decreasing suddti ly. If, now, the axial compressio, is removed, the

nominal maximum compressive stre-s for the same pressure is consider-

ably larger than that for lateral pressure alone, and the load-deformation

curve becomes more gently curved as for axial compression and internal

pressure. However, for large values of the internal pressure, the load-

deforrr,•tioi curve continues to rise indefinitely and exhibits no collapse

moment. A similar result is obt.ined for unpressurised cylinders when

.ension Is ap:lied as well as bending moment.

p-, sible explan1tion of this phenomenon is t', .t large defor-

mations in the compressicva region of the cylinder or cot.. cause a

redistribution of stress e.nd a shift of the neutral axis toward the tension

side of the shell. The tensile load would then produce an opposing moment

which would increase with incressing deformation of the shell to produce

the rising load-deformation curve obtidined experimentally. It is evident,

however, that large-deflection studies are necessary to clarify the sidum-

tior and to determine whether we ,;an even define a collapse load for these

loading conditions. On the other hand. eanual-dfle•tion theory does appear

to satisfactorily predict the moment required for the onset of large
deformations.
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I
*D. External Pressure and Axial Compression

For external pressure alone the experimental results indicate

that for conservative design the critical pree:su-:e for cylinders and conos

should be taken as

P _ 0. 74. (30)

cr . (30)

Dav

which is about 80 percent of the theoretical value for cylinders and from

66 to 80 percent of the theoretical value for cones. An average value for

the test data is obtained by increasing the factor of 0.74 in Equation ( i,.

to a value of 0.92. Future study. in areas of interest indicated by these

results call for a complete explanation oi the rather wide scatter band and

the discrepancy bet,'een theory and experiment that is larger for conical

shells than fur cylinders.

Interaction curves between external pressure and axial compres-

etura irndicate that for cylinders the results depend oa the radius-thickness

ratio and possibly the length-radius ratio. A straight line interaction

curve is conservative. For conical shells we have the unexplained

phenomenon of a differer.tiation between buckling and collapse loads. The

buckling interaction curves appear to follow an almost straight line. indi-

cating an unexpected unifor'. percentage decrease in the ixial compressive

load from the theoretical value, while the coUapse interaction curve

appears to depend on the semivertex angle of the cone. Additional tests

and theoretical investigations are needed for a definitive descraptc % of

these phenomena.

Z. Torsion

Tests on torsion indicate that the agreement between theory

and experiment for conical shello is about the same as that for cylinders.

It is recommended that design torques ro. cones wW cyiinders be taken as

about 75 percent of the theoretical value
9
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p t

where L is the height of the conical frustum and

(= +L-(' 11 cos a. (32)
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